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ABSTRACT
Enhancement in Photoinactivation of Food-borne Pathogenic Bacteria
with the Use of Curcumin and Surfactants
MAY 2022
VICTOR RYU
B.S. KANSAS STATE UNIVERSITY
M.S. UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D. UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Lynne A. McLandsborough
Photosensitizers and UV or visible light could photoinactivate bacteria. Curcumin
was utilized as a food-grade photosensitizer, and an enhancement of its waterdispersibility, chemical stability, and antimicrobial activity when introduced into
surfactant solutions was observed. Stock curcumin-surfactant solutions were prepared by
titrating curcumin dissolved in ethanol into either Surfynol 465 or Tween 80 solutions (5
mM sodium citrate buffer). Stock curcumin surfactant solutions with different surfactant
concentrations were diluted to 1 µM prior to irradiation. The resulting solutions also had
surfactant concentrations below, near, and above their critical micelle concentrations
(CMCs) of the respective surfactants. The antimicrobial activity of the curcumin-loaded
surfactant solutions was evaluated against Escherichia coli O157: H7 and Listeria
innocua after 5 min irradiation with UV-A light (λ= 365 nm). The photoinactivation
efficiency of the curcumin surfactant solution depended on the pH of the solution (low >
v

high) and the amount of surfactant present (below CMC ≥ near CMC > above CMC =
unencapsulated curcumin). Synergistic antimicrobial activity was observed when
Surfynol 465 was present below or near the CMC with curcumin at pH 3.5, which was
attributed due to a more effective interaction of the Surfynol 465 with the cell membrane
causing it to be permeable. This may have allowed the localization of curcumin inside
cell membrane in ways that promoted photoinactivation of the bacteria. In addition,
loosely-bound and unbound extracellular curcumin had significant roles in microbial
photoinactivation as the surfactants increased the concentration of curcumin adjacent to
the cells.
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CHAPTER 1
LITERATURE REVIEW
1.1 Introduction
From the Organization for Economic Cooperation and Development (OECD),
cross-contamination was the second leading cause of foodborne outbreak followed by
improper cooling and storage of food (Todd, Greig, Bartleson, & Michaels, 2007).
Therefore, proper sanitation of food-contact surfaces is critical in preventing foodborne
outbreak. Chlorine compounds are the most common sanitizer used in food industry to
disinfect different surfaces. However, recent studies indicate that sanitizing surfaces with
chlorinated water may have limitations as it has been shown that when there is a high
concentration of organic material, the chlorine could get easily deactivated or react and
form carcinogenic byproducts such as chloroform or trihalomethanes (Chen & Hung,
2017; J. L. Thomas, M. S. Palumbo, J. A. Farrar, T. B. Farver, & D. O. Cliver, 2003).
Therefore, alternative sanitation methods have been proposed, e.g., utilizing organic acids
or essential oils, etc. However, concerns still exist that these compounds could generate
harmful byproducts, be detrimental to for the environment, promote the emergence of
antibiotic-resistant microorganisms (Langsrud, Sundheim, & Borgmann‐Strahsen, 2003).
Thus, there is a demand for natural and environment-friendly sanitizing agents to replace
current practices.
The food-grade photosensitizers (PS) could be a promising alternative to chlorine
for sanitation in food processing, distribution, and retail. PSs are molecules that could
absorb energy from light and act as a donor transferring electrons or energy to the
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surrounding molecule. The current trend in the food industry is to produce food using
natural compounds, including sanitizers. Also, when choosing a food product, consumers
consider more diverse values than the past as people’s awareness of the issues around the
world increased due to better education. One of the values that are being emphasized
today is sustainability and environment-friendly. Therefore, since PSs produce no
harmful byproducts and required limited changes in the normal operation . Another
benefit of using food-grade PSs as alternative sanitizers is that there is no reported study
about pathogenic microorganisms resistant to reactive oxygen species (ROS) (Al-Asmari,
Mereddy, & Sultanbawa, 2017). Therefore, food-grade PSs are ideal sanitizers that could
prevent pathogens from developing resistance toward antibiotics or other sanitizers.
However, the direct use of lipophilic food-grade PSs in the aqueous media
presents some challenges. Lipophilic PS generally have low water solubility and tend to
phase separate or degrade if added directly to aqueous media. Food grade PS’s quantum
yield is often lower than that of synthetic non-food grade PSs,, which influences ROS's
generation. Additionally, the photosensitation process is affected by the surrounding
medium as in solutions or liquid environments PSs could decay from their exciterd state
by vibrational relaxation without undergoing intersystem crossing and ROS generation.
Also, delayed fluorescence could be observed, which is the transition from the 3PS* to
the 1PS*. This could lead to the transition from the 3PS*, required for ROS generation, to
the 1PS*, leading to less formation of singlet oxygen or radicals. Furthermore, both
oxygen radicals and singlet oxygen have a very short lifetime, which only lets them travel
a spherical dimension of 10 nm from where it is created without being quenched or
consumed. Also, the lifetime of singlet oxygen is reduced in aqueous media due to the
2

transfer of energy toward oxygen-hydrogen stretching which has a similar energy to that
of singlet oxygen (I. J. Macdonald & T. J. Dougherty, 2001).
Utilizing appropriate delivery systems could protect and allow PSs to be in close
proximity to the bacterial membrane and promote the partitioning of PSs inside the cell.
Also, the components of the delivery system themselves could act as a breaching agent.
Another potential benefit of utilizing a delivery system is that when PSs are restricted in a
matrix, their non radiative decay could be minimized.
The purpose of this section is to summarize photochemical properties and
antimicrobial activity of the food-grade PSs that could be applicable on food surfaces and
food contact surfaces. Also, we will introduce potential delivery systems that could be
utilized to enhance its antimicrobial activity and present recent advances that are being
made in this area.
1.2. Photosensitizers (PS)
The antimicrobial activity of a PS in an aqueous phase depends on many factors:
(i) the PS itself, as each type of PS has a different quantum yield, phosphorescence
lifetime, and range of wavelength that it could absorb light. In pure water at 22 °C, the
light at 418 nm has the lowest absorption coefficient which mean that it could travel
through water at the greater depth compared to other wavelength of light in the ultraviolet
(UV) or visible range (Litjens, Quickenden, & Freeman, 1999). Therefore the PS’s
excitation wavelength should be near this range wavelength; (ii) the environment where
the PS is applied, as the photophysical properties of PS (e.g., quamtum yield, lifetimes),
heavily depend on its conformation and the stability of PS differs depending on pH, type
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of solvent, and temperature of the medium; (iii) the light source, as each PS has a
maximum excitation at a certain light wavelength light, depending on the intensity and
the wavelength of light that it is exposed to, the singlet oxygen quantum yield differs.
Therefore, the photophysical properties and chemical stability of PSs in aqueous phases
at different pHs are discussed in the following sections.
1.2.1. Riboflavin
Riboflavin (vitamin B2) is an essential nutrient that should be consumed by food
to avoid diseases such as stomatitis, cheilosis, skin rash, etc. It is a yellow-colored
hydrophobic compound found in a variety of food sources such as milk, egg, leafy
vegetables, etc. (E. Choe, R. Huang, & D. B. Min, 2005). Milk contributes 40~50% of
the dietary intake of riboflavin (Min & Boff, 2002). Riboflavin is known to be stable to
different food processing operations such as heating and irradiation but is susceptible to
light (E. Choe et al., 2005). It has low water solubility, i.e., 84.7 mg/L at 25°C (Linda S
Karaffa, 2013). Riboflavin has four main absorption maxima at 225, 275, 370, 450 nm
and exhibit maximum fluorescence emission at 525 nm at pH 7.4 (E. Choe et al., 2005).
Depending on the pH of the aqueous phase, the riboflavin can exists in its cationic form
(pH<4), neutral form (4 ≤ pH ≤ 9.7) or anionic form (pH > 9.7) (Eunok Choe, Rongmin
Huang, & David B Min, 2005). Riboflavin has different photophysical properties when it
is in this different form. Cationic riboflavin is non-fluorescent, while the neutral form is
fluorescent, and the anionic form is weakly fluorescent (Eunok Choe et al., 2005).
Riboflavin is a PS that can phosphoresce and generate single oxygen and other
ROS as intermediates of the photoemission process. The presence of riboflavin in milk
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induces the production of singlet oxygen in milk, which reacts with vitamin D or
generates off-flavors when milk is exposed to light (King & Min, 2002).
1.2.2. Protoporphyrin IX
Porphyrins are commonly used as PSs that can produce ROS upon exposure to
light in the presence of oxygen. They have low water solubility, e.g., protoporphyrin IX’s
water solubility is 169 mg/L at 25°C (Linda S Karaffa, 2013). Protoporphyrin IX tends to
be in monomeric form at pH<3. However, it rapidly aggregates at pHs between 3 to 7,
and is in dimeric form at pH higher than 8 (Sivash, Masinovský, & Lozovaya, 1991). Its
absorption and emission maximaare observed at 400 nm and 618 nm, respecyively. Most
porphyrins cannot be considered broad-spectrum antimicrobial agents. They only exhibit
efﬁcient antimicrobial activity against Gram-positive rather than Gram-negative bacteria
(Grinholc, Szramka, Kurlenda, Graczyk, & Bielawski, 2008). The resistance of Gramnegative bacteria to a variety of porphyrins is related to the presence of a highly
organized outer membrane in these bacteria, limiting their interactions with porphyrins
and intercepting singlet oxygen (Grinholc et al., 2008).
1.2.3. Curcumin
Curcumin is the most bioactive and abundant compound in Curcuma longa
species (Tønnesen & Karlsen, 1985). It has a low water solubility, i.e., 3.12 mg/L at 25°C
(L. S. Karaffa, 2013), limiting the amount that can be incorporated into aqueous
solutions. It degrades when exposed to light and can either precipitate or chemically
degrade during storage depending on the pH of the solution (Kharat, Du, Zhang, &
McClements, 2017). Curcumin is in a hydrophobic non-charged form in aqueous
solutions at pHs from 1 to 7, which causes it to nucleate and precipitate out of solution. It
5

is partially charged from pH 7 to 10, which increases its hydrophilicity and water
solubility but decreases its chemical stability. Curcumin has been shown to degrade into
ferulic acid and ferulymethane under alkaline conditions (Tønnesen & Karlsen, 1985).
Despite these shortcomings, curcumin has been used as an effective PS. For example, E.
F. de Oliveira, Tikekar, and Nitin (2018) reported that curcumin (1-10 mg/L) reduced E.
coli O157:H7 and L. innocua counts on fresh produce surfaces by more than 5 log cycles
at low pH in combination with UV-A light.
1.3. Generation of reactive oxygen species through photosensitization
ROS are one of the intermediate products of photosensitization. Upon photo
excitation, the PS absorbs a photon. The valence electron jumps to the higher energy
molecular orbital maintaining its spin state. The excited electron could go through one of
three transitions. One is a radiative process called fluorescence which occurs when the PS
goes through radiative decay from its lowest excited energy level to ground state,
emitting a photon to return. The other two are radiationless processes, PS could return to
the ground state non radiatively which is called internal conversion. The other one is
intersystem crossing which changes the spin state of an electron at a higher energy
molecular orbital causing it to unpair or pair with the ground-state electron depending on
whether it was originally in a singlet or triplet state (Turro, Ramamurthy, & Scaiano,
2012).
PSs that have gone through intersystem crossing are in a 3PS*. During and after
intersystem crossing Type 1 reactions could occur, in which the excited PS donates an
electron to the surrounding substrate. Then the substrates donate the accepted electron to
the ground state oxygen, which becomes oxygen radicals (Ana P. Castano, Tatiana N.
6

Demidova, & Michael R. Hamblin, 2004; Cossu, Ledda, & Cossu, 2021). Therefore, for
Type 1 reaction, the intermediate products that could be generated are oxygen radicals or
radical biomolecules. The concentration and type of PS and substrate are important for
Type 1 reactions (Min & Boff, 2002). Type 2 reactions occur by the transfer of energy
from the 3PS* to ground state oxygen. The activation energy to transform triplet state
oxygen to singlet state is low, and the energy transferred from photosensitization is
enough to cause the transformation. Therefore, the reaction depends on the concentration
and solubility of oxygen in the system (Min & Boff, 2002).
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Figure 1.1. Energy State Diagram of generation of singlet oxygen through the
photosensitization process of photosensitizers (Hu et al., 2014).
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1.4. Photosensitation processes and their antimicrobial activity
Both Type 1 and Type 2 reactions occur simultaneously (Hardwick, 2015; Ian J
Macdonald & Thomas J Dougherty, 2001). However, singlet oxygen produced in type 2
reaction is assumed to be more cytotoxic as it has a longer life time (3~4 μs in aqueous
media while 10 microseconds in lipid media) than other oxygen radicals which lets it
travel longer distances (Min & Boff, 2002). Especially in biphasic oil and water systems,
singlet oxygen could exist longer in the oil phase, which is another reason why Type 2
reaction is preferred (Min & Boff, 2002). Nevertheless, the generation of oxygen radicals
should be monitored as the ratio of type 1 and type 2 reaction depends on the
physiochemical attribute of PSs. The PSs should be carefully chosen as they should be
selected based on the propensity of what type of reaction they undergo and the type of
environment that they are exposed to.
Lipophilic food-grade PSs are hydrophobic but could be soluble in water at small
concentrations. This allows the partitioning of lipophilic PSs into bacteria, which is
important as generated ROS can travel short distances due to their short lifetime. For
instance, localization of PSs in mitochondria, lysosomes, or other organelles in PDT has
been reported to be important as depending on the location, the efficacy of the treatment
differs (Ana P. Castano et al., 2004). However, further studies need to elucidate several
aspects of their efficiency, such as the effect of solubility and surface since, for example,
hydrophilic PSs with negative charge were more effective against Leishmania parasites
(Akilov et al., 2006).
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1.5. Potential Delivery Systems for PS
Appropriate delivery systems should be applied to stabilize and enhance the
photoinactivation of these PSs due to their inherent instability when exposed to an
aqueous phase. Listed are some of the criteria that the appropriate delivery system should
have: (i) it should make the solution transparent as the activity of PS depends on light
penetration; (ii) it should prevent the degradation of the PS by prolonging their stability;
(iii) it should be able to bring the PS closer to the target cells as ROS have short halflife;
(iv) all of the components should be food-grade since our goal is to develop a sanitizer
that could be applied to food contact surfaces. Additional benefits of applying PS to the
delivery system are that it could potentially restrict the encapsulated PS in a matrix and
preclude its prompt non radiative decay. This could increase the chance of PS to transfer
its energy and produce ROS.
1.5.1. Nanoemulsions
Nanoemulsions are thermodynamically unstable colloidal systems that have
droplet diameters of less than 200 nm. Due to their small droplet size distribution,
nanoemulsions have favorable characteristics in terms of carriers of PSs, such as their
high physical stability, optical transparency, and efficient delivery of encapsulated
components due to their high surface area. Nanoemulsions could favor the generation of
ROS due to their small droplet size. The increase in penetration of light due to less
scattering by smaller droplets could increase the generation of ROS (Uluata,
McClements, & Decker, 2016). Both oxygen radicals and singlet oxygen have a very
short lifetime that only lets them travel spherical dimensions of 10 nm from where they
are created (I. J. Macdonald & T. J. Dougherty, 2001). Encapsulation in nanoemulsions,
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however, could allow PS to be in close proximity of the bacterial membrane and promote
partitioning of PS inside the cell.
Some of the important factors to formulate nanoemulsions for transport and
delivery of PSs are the surfactant-oil-water (SOW) ratio and the type of surfactant used.
SOW needs to be carefully controlled as it affects the size of the nanoemulsion particles,
which could influence the scatter of light. A previous study indicated that the different
kinds of liquid crystalline phase form when mixing SOW at specific proportions (Solans
& Solé, 2012). Among the liquid crystalline phases, bicontinuous microemulsions are
critical in formulating small droplet emulsions (Solans & Solé, 2012). For instance,
carvacrol nanoemulsions produced using 10% oil phase and 10% Tween 80 require its oil
phase to be constituted of 15~40% carvacrol to create small emulsion droplets (d < 100
nm), with the rest of the oil phase constituted of medium-chain triglycerides (MCT)
(Chang, McLandsborough, & McClements, 2013). The formation of small average
emulsion droplets also depends on the individual physicochemical properties of
theconstituting components as nanoemulsions encapsulating different compounds have
different diameters and stability. For instance, vitamin E acetate nanoemulsions with the
same SOW ratio as the carvacrol nanoemulsion created nanoemulsion droplets (d <
100nm) only when 40~80% of the oil phase was constituted of vitamin E acetate (Saberi,
Fang, & McClements, 2013). Also, depending on the types of oils incorporated, the
average droplet size can be affected, for example, for a thyme oil nanoemulsion the
addition of different triacylglycerides (TAG) resulted in particles of different sizes in
order from largest: saturated long-chain triglyceride > unsaturated long-chain triglyceride
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> medium-chain triglyceride (MCT) (Ryu, McClements, Corradini, & McLandsborough,
2017).
1.5.2. Micelles
Surfactant micelles consist of small particles spontaneously assembled from
surfactant molecules due to hydrophobic effects (Hiemenz & Rajagopalan, 2016). These
colloidal particles have a hydrophobic interior capable of solubilizing non-polar
molecules, and a hydrophilic exterior that allows them to be readily dispersed within
water. Surfactant micelles are thermodynamically favorable systems, which means that
once formulated, they should remain stable indefinitely. Micelles tend to form when the
surfactant concentration in the solution exceeds the critical micelle concentration (CMC).
Below the CMC, the surfactant molecules are dispersed as monomers in water, but above
the CMC, surfactant micelles and monomers co-exist. Previous studies have reported
that micelles could be used to encapsulate and stabilize PSs (Y. Duan et al., 2015; Leung,
Colangelo, & Kee, 2008; Wang & Gao, 2018). The dimensions of the surfactant micelles
(< 20 nm) are typically much smaller than the wavelength of light (380-780 nm), which
means that they only scatter light very weakly, and the solution appears transparent. This
is an advantage for developing delivery systems for PSs because it means that more light
penetrates the interior of the system, thereby increasing photoexcitation of the PS and
ROS generation (Uluata et al., 2016). Also, due to their small particle size, micelles move
rapidly due to Brownian motion, which increases their interactions with bacteria. Finally,
micelles are highly dynamic systems, meaning PSs may be rapidly exchanged between
the hydrophobic interiors of the micelles and cell membranes in the bacteria.

12

Chapter 2
RESEARCH OBJECTIVES
2.1. Hypothesis and Specific Aim
Our hypothesis is that lipophilic food grade PSs will have increased antimicrobial
efficiency when encapsulated in appropriate delivery system such as nanoemulsion or
micelle. The goal of this study is to conduct consecutive experiments to identify
characteristics of PSs and nanoemulsion which could enhance the antimicrobial
efficiency.
The following Specific Aims were proposed to test our hypothesis
Aim 1. Identification of food grade PSs that has sufficient antimicrobial potential.
Here we will test whether certain food grade PS has sufficient photoactivated
antimicrobial activity against foodborne pathogens. Also, physiochemical properties and
antimicrobial mechanisms of food grade PSs will be identified to make the search for
candidates easier.

Aim 2. Determine the effects of utilizing micelle or nanoemulsion as an appropriate
delivery system for selected food grade PSs. Here we will test the effect of utilizing
micelle or nanoemulsion as a delivery system on the antimicrobial activity of food grade
PS. Changes in the performance of photoinactivation against common foodborne
pathogens will be examined.
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Aim 3. Determine the mechanism of how delivery system could enhance
performance of PS. Here we will test to identify what is the mechanism of enhancement
of photoactiviated antimicrobial activity of the encapsulated PS.

2.2. Rationale
Photo inactivation of pathogens have been actively applied in medical treatments
as photodynamic therapy (PDT). For instance photosensitization is used in photodynamic
antitumor and anticancer therapy to destroy or deactivate the cell (Ana P. Castano et al.,
2004). In this dissertation, we will address two unanswered questions in the field.
First, we will observe whether lipophilic food grade PSs could photoinactivate
bacteria to inhibit their growth at low concentration. There are data presenting that foodgrade PSs could photoinactivate different microorganisms. However, the concentration
that was applied and the time of exposure to UV-light or visible light was long.
Second, we will see whether the photoinactivation efficiency of foodborne
pathogenic bacteria by lipophilic food grade PSs could increase when it is encapsulated
in different delivery systems.
Answering these questions will greatly increase the potential of the food-grade
PSs to be applied in food processing. Also, the outcome will add another candidate that
could replace chlorine.
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Chapter 3
USE OF MICELLAR DELIVERY SYSTEMS TO ENHANCE
CURCUMIN’S STABILITY AND ANTIMICROBIAL
PHOTOINACTIVATION CAPACITY
3.1 Abstract
Microbial photoinactivation using ultraviolet (UV) or visible light can be
enhanced by photosensitizers (PSs). This study assessed the efficacy of encapsulating a
food-grade PS (curcumin) in surfactant micelles on its water dispersibility, chemical
stability, and antimicrobial activity. Stock curcumin-surfactant solutions were prepared
with Surfynol 465 (S465) or Tween 80 (T80) (5 mM sodium citrate buffer). The
antimicrobial activity of curcumin-loaded surfactant solutions was determined by
monitoring the inactivation of Escherichia coli O157: H7 and Listeria innocua after 5min irradiation with UV-A light (λ = 365 nm). The solutions mixed with the bacterial
suspensions contained 1 µM curcumin and each surfactant below, near, and above their
critical micelle concentrations (CMCs). The addition of surfactants at any level to the
curcumin solution enhanced its dispersibility, stability, and efficacy as a PS, thereby
enhancing its antimicrobial activity. Gram-positive bacteria were more susceptible than
Gram-negative bacteria when curcumin-loaded micelles were used against them. The
photoinactivation efficacy of curcumin-surfactant solutions depended on the pH of the
solution (low > high), surfactant type (S465 > T80), and the amount of surfactant present
(below CMC ≥ near CMC > above CMC = unencapsulated curcumin). This result
suggests that excessive partitioning of curcumin into micelles reduced its ability to
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interact with microbial cells. Synergistic antimicrobial activity was observed when S465
was present below or near the CMC with curcumin at pH 3.5, which could be attributed
to a more effective interaction of the PS with the cell membranes as supported by the
fluorescence lifetime micrographs. The use of a micelle-based delivery system facilitates
adsorption and generation of ROS in the immediate environment of the microbial cell,
enhancing photoinactivation.
Keywords: microbial photoinactivation; curcumin; micelle; photosensitizer; Reactive
Oxygen Species; Singlet Oxygen (1O2); critical micelle concentration; Escherichia coli;
Listeria innocua
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3.2. Introduction
Effective sanitation of food contact surfaces reduces the risk of contamination of
food products with pathogenic or spoilage microorganisms (Buchholz, Davidson, Marks,
Todd, & Ryser, 2012). Chlorine compounds are among the most common chemical
sanitizers used on food surfaces within the food industry. The Food & Drug
Administration (FDA) recommends that food processing equipment and food contact
surfaces are sanitized with no more than 200 parts per million (ppm) of available chlorine
(W McGlynn, 2016). Application of chlorine above the recommended levels can result in
excessive residual chlorine that could potentially impart adverse flavors and odors to food
products or cause a safety hazard if the sanitizing solution is exposed to acids due to the
production of chlorine gas (W McGlynn, 2016). The effectiveness and safety of
chlorinated water as a sanitizer is also limited in the presence of high concentrations of
organic matter due to the rapid depletion of chlorine and the formation of by-products
such as trihalomethanes, which are carcinogenic (Chen & Hung, 2017; Teng et al., 2018;
J.L. Thomas, M.S. Palumbo, J.A. Farrar, T.B. Farver, & D.O. Cliver, 2003). Therefore,
alternative sanitation methods for contact surfaces have been proposed, such as ozone,
organic acids, and essential oils. However, concerns about their limited efficacy
(reductions of only 1-3 log10 cycles), environmental impact, their ability to generate
harmful and persistent by-products, and/or to promote the emergence of microbial
resistance have precluded their widespread utilization (Hua, Korany, El-Shinawy, & Zhu,
2019).
Photodynamic inactivation involves the combined use of UV or visible light and
PS. Photo-inactivation of microorganisms on food surfaces using a solution of PSs and an
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available light source could result in an effective, environmentally friendly, and safe
alternative to current sanitizers. The PS solution needs to be stable, easy to prepare, and
effective even after storage to comply with these requirements. Additionally, none of the
components of the solution should be toxic, produce harmful by-products or leave
undesirable residues, which can be attained by using natural products that behave as PSs
at low concentrations.
PSs can absorb energy from light and then transfer it to acceptor molecules, such
as a surrounding substrate (S) or molecular oxygen (3O2). When the photosensitization
process involves the interaction of a PS in its excited singlet (1PS*) or triplet state (3PS*)
with the surrounding substrate, it is dubbed Type I (A. P. Castano, T. N. Demidova, & M.
R. Hamblin, 2004; Min & Boff, 2002). This interaction results in the transfer (donation or
reception) of electrons or protons from the PS to the surrounding substrate and
subsequent generation of radical anions that react with oxygen to form ROS, such as
superoxide anion (O2●−) and hydroxyl radicals (HO●) (Abrahamse & Hamblin, 2016;
Pouyet & Chapelon, 1987). In Type II photoreactions, the PS in its triplet excited state
(3PS*) collides with molecular oxygen transferring its energy and generating excited
singlet oxygen (1O2) (Ana P. Castano et al., 2004; Cossu et al., 2021). Characteristic Type
I and Type II photoreactions, and the corresponding ROS generated by each of them, are
presented in Figure 3.1.
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Figure 3.1. Type I & II photoreactions involved in the generation of ROS. (H2O2 is
hydrogen peroxide and OH- is hydroxide.).
The generated ROS (hydroxyl radicals or 1O2) can then inactivate pathogenic
microorganisms in foods or food surfaces by damaging their cell membranes, organelles,
and/or nucleic acids. Although both Type I and II reactions can occur simultaneously,
most of the antimicrobial activity resulting from photosensitization processes is attributed
to Type II reactions and the high reactivity of singlet oxygen (1O2) with cellular
components such as lipids, proteins, and nucleic acids (J. P. Hardwick, 2015; Ian J.
Macdonald & Thomas J. Dougherty, 2001). Singlet oxygen’s high reactivity is due to its
π antibonding electrons in a single orbital (Ian J. Macdonald & Thomas J. Dougherty,
2001). Therefore, it quickly reacts with non-radical, singlet state, and electron-rich
compounds containing double bonds (Min & Boff, 2002). It should be noted that singlet
oxygen has a very short lifetime, typically lower than 3.5 microseconds, due to its fast
radiative decay to the ground triplet state with emission at 1270 nm (Schweitzer &
Schmidt, 2003). The short lifetime and high reactivity of singlet oxygen restricts the
distance it can travel to a spherical domain of around 10 to 100 nm from where it was
generated (J. S. Dysart & M. S. Patterson, 2005; Ian J. Macdonald & Thomas J.
Dougherty, 2001). Furthermore, the lifetime of singlet oxygen is reduced in aqueous
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media due to the transfer of energy to the oxygen-hydrogen stretching mode of water
molecules, which has a similar energy to that of singlet oxygen (Ian J. Macdonald &
Thomas J. Dougherty, 2001). Thus, it is believed that PSs must be close to or physically
interacting with their target (e.g., microbial surfaces) to be effective. This is supported by
research in photodynamic therapy and photodynamic inactivation, where PS uptake by
mitochondria, lysosomes, organelles or pathogenic bacteria was shown to increase
treatment efficiencies (Buchovec, Vaitonis, & Luksiene, 2009; A. P. Castano, T. N.
Demidova, & M. R. Hamblin, 2004; Luksiene, Peciulyte, Jurkoniene, & Puras, 2005).
We hypothesize that encapsulating a PS in a well-designed delivery system would
improve its ability to interact with bacteria, thereby increasing its efficacy as an
antimicrobial agent.
Curcumin was used in this study as a natural food-grade PS. Curcumin is the most
bioactive and abundant compound present in Curcuma longa species (Tønnesen &
Karlsen, 1985). However, it has a relatively low water solubility, i.e., 3.12 mg/L at 25°C
(L. S. Karaffa, 2013), which limit the amount that can be incorporated into aqueous
solutions. Moreover, it tends to chemically degrade when exposed to light and can either
precipitate or chemically degrade during storage depending on the pH of the solution
(Kharat, Du, Zhang, & McClements, 2017). Curcumin is in a hydrophobic non-charged
form in aqueous solutions from pH 1 to 7, which causes it to nucleate and precipitate out
of solution. Conversely, it is partially charged from pH 7 to 10, which increases its
hydrophilicity and water solubility but decreases its chemical stability. Indeed, curcumin
has been shown to degrade into ferulic acid and ferulymethane under alkaline conditions
(Tønnesen & Karlsen, 1985). Despite these shortcomings, curcumin has been used as an
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effective PS. For example, E. F. de Oliveira, Tikekar, and Nitin (2018) reported that
curcumin (1-10 mg/L) reduced E. coli O157:H7 and L. innocua counts on fresh produce
surfaces by more than 5 log cycles at low pH in combination with UV-A light. The
efficiency of curcumin as a PS could be enhanced by identifying an appropriate delivery
system to mitigate potential problems such as precipitation and optimize its performance
as a food-grade sanitizing agent. A desirable delivery system for photodynamic
inactivation should meet the following criteria: (i) it should not increase light scattering
(e.g., low turbidity), as photoactivation and consequently ROS generation depends on
light penetration; (ii) it should not absorb light at the same wavelength as the
encapsulated PS; (iii) it should promote the partitioning of the encapsulated PS into the
pathogenic bacteria; (iv) all of its components should be approved to be used on food
contact surfaces.
Based on these requirements, micellar delivery systems would appear to be highly
suitable for encapsulating curcumin so as to increase its efficacy as a PS and its
antimicrobial activity against bacteria. Surfactant micelles consist of small particles that
are spontaneously assembled from surfactant molecules due to hydrophobic effects
(Hiemenz & Rajagopalan, 2016). These colloidal particles have a hydrophobic interior
that is capable of solubilizing non-polar molecules like curcumin, as well as a hydrophilic
exterior that allows them to be readily dispersed within water. Surfactant micelles are
thermodynamically favorable systems, which means that once formulated they should
remain stable indefinitely. Micelles tend to form when the surfactant concentration in
solution exceeds the critical micelle concentration (CMC). Below the CMC, the
surfactant molecules are dispersed as monomers in water, but above the CMC surfactant
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micelles and monomers co-exist. Previous studies have reported that micelles could be
used to encapsulate and stabilize curcumin (Y. Duan, J. Wang, X. Yang, H. Du, Y. Xi, &
G. Zhai, 2015; Leung, Colangelo, & Kee, 2008; Wang & Gao, 2018). The dimensions of
surfactant micelles (< 20 nm) are typically much lower than the wavelength of light (380780 nm), which means that they only scatter light very weakly and the solution appears
transparent. This is an advantage for the development of delivery systems for PSs
because it means that more light penetrates into the interior of the system, thereby
increasing photoexcitation of the PS and ROS generation (Uluata, McClements, &
Decker, 2016). Also, due to their small particle size, micelles move rapidly due to
Brownian motion, which increases their interactions with bacteria. Finally, micelles are
highly dynamic systems, which means that curcumin molecules may be rapidly
exchanged between the hydrophobic interiors of the micelles and cell membranes in the
bacteria.
This study examined the impact of encapsulating curcumin within surfactant
micelles on its water-dispersibility, chemical stability, and antimicrobial efficacy. Two
surfactants approved for food contact surface applications were used to assemble the
micelles: Surfynol 465 and Tween 80. The physicochemical and structural properties of
the curcumin-loaded surfactant micelles were characterized, and their photoinactivation
capacity was evaluated against two model food pathogens, Escherichia coli O157:H7 and
Listeria innocua. The results of this study may lead to the development of more
efficacious antimicrobial formulations to treat food contact surfaces.
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3.3. Materials and Methods
Curcumin with a purity higher than 97% was purchased from TCI Chemicals
(C2302-5G, Montgomeryville, PA, US). Two non-ionic surfactants, Surfynol 465 (S465)
and Tween 80 (T80), were obtained from Shenzhen Vtolo Industrial Co. Ltd (Shenzhen,
Guangdong, China) and Sigma-Aldrich (P1754, St Louis, MI, US), respectively. 5 mM
sodium citrate buffer was prepared using citric acid monohydrate (C7129, SigmaAldrich) and sodium citrate (#775538, Fisher-Scientific, Waltham, MA, US). Absolute
ethanol (#111000200) was obtained from Pharmco (Brookfield, CT, US).
3.3.1. Stock curcumin - Surfactant solutions
A curcumin stock solution (4 mM) was prepared by dissolving curcumin into
ethanol. Surfactant solutions were prepared by dissolving different amounts of S465 or
T80 in 5 mM sodium citrate buffer at pH 3.5 and stirring at 125 rpm for 20 min. The
curcumin stock solution was titrated (2.5 mL/min) into each surfactant solution to
produce 20 µM curcumin-surfactant stock solutions. After titration, the stock curcuminsurfactant solutions were sheared for 15 min. These conditions are known to induce
nucleation and crystallization of curcumin under conditions where there is insufficient
surfactant to fully solubilize it (Kharat et al., 2017). All the curcumin micellar stock
solutions were then filter-sterilized using a 0.45 µm syringe filter (Cat# 02915-22, ColePalmer, Vernon Hills, IL, US) and stored at 4 or 20°C. The initial concentration of
curcumin and surfactant in each stock solution was selected so that curcumin-surfactant
systems containing 1 µM curcumin and surfactant concentrations below, at or above the
CMC could be obtained after dilution.
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3.3.2. Maximum curcumin loading capacity of the surfactant solutions
The maximum curcumin loading capacities of surfactant solutions prepared at
concentrations below, near and above their CMCs were determined by titrating (2.5
mL/min) an alcoholic curcumin solution into each aqueous surfactant solution. The
endpoint, taken to be the maximum loading capacity, was identified as the curcumin
concentration that first caused an appreciable rise in turbidity, which was determined by
measuring the absorbance at 600 nm after the samples had been stored overnight.
3.3.3. Stability of stock curcumin-surfactant solutions
Curcumin stability in the stock solutions was monitored during storage in a 4 or
20°C incubator for 30 days. Visual observation was carried out by tilting the tube to a 45°
angle for any evidence of crystallization every two days. The mean particle diameter (Zaverage) and polydispersity index (PDI) of the micelles formed were measured using
dynamic light scattering (Zetasizer Nano ZS, model ZEN 3600, Malvern Instrument,
UK). The particle size distribution was calculated from the back-scattered laser intensity
fluctuations using the instrument’s software (Malvern Zetasizer DTS software, version.
7.01).
The absorption of encapsulated curcumin over 30 days was determined using a
UV-visible spectrophotometer (Shimadzu Scientific, Kyoto, Japan) at 425 nm in quartz
cuvettes (1 cm path length). The size of the spectrophotometer slit was set at 1 nm. The
intensity of the curcumin autofluorescence was also used to monitor curcumin solubility
inside the micelle and the effect of surfactants on the photophysical properties of the
solution using a spectrofluorometer (Fluoromax 4, Horiba Scientific Inc., Edison, NJ,
US). Fluorescence spectra of curcumin in stock surfactant solutions were recorded using
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an excitation wavelength of 365 nm over an emission range of 375 to 600 nm. The
excitation and emission slits used were 2 and 3 nm, respectively.
3.3.4. Surface potential of the curcumin-surfactant stock solutions
The net charge (ζ-potential) of the micellar solutions was measured using a
particle electrophoretic light scattering instrument (Zetasizer Nano ZS, model ZEN 3600,
Malvern Instrument, UK). Changes in ζ-potential were monitored during storage in a 4 or
20°C incubator for 30 days.
3.3.5. Bacterial cultures
E. coli O157:H7 (ATCC-43888, non-toxigenic strain) and L. innocua Seelinger
(ATCC-51742) were obtained from American Type Culture Collections (Manassas, VA).
A frozen stock E. coli O157:H7 suspension was prepared in a mixture of tryptic soy broth
(TSB; Cat# DF0064-07-6, BD Diagnostic Systems, Berkshire, UK) containing 25% v/v
glycerol. For L. innocua Seelinger, the stock was prepared in a mixture of tryptic soy
broth with 0.01% of yeast extract (TSBYE) and 25% v/v glycerol. Both stocks were
stored at -80°C. A working stock was prepared by inoculating a loopful of frozen stock in
TSB then incubating at 37°C overnight. Then, the working stocks were streak plated onto
MacConkey Sorbitol Agar (Cat# 279100, BD Diagnostic Systems) or Modified Oxford
Agar (Cat# 222530, BD Diagnostic Systems), which was then stored at 4°C for a week.
For the photoinactivation assay, a colony was inoculated into TSB or
TSB+0.01%YE and incubated at 37 °C for 18 h on a 125 rpm shaker. For each
experiment, 18 h cultures were diluted, and their optical density at 600 nm (OD600) was
adjusted to 0.15 cm-1, which confirmed the culture initially contained approximately 9 log
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CFU/mL. Bacteria were then washed two times with PBS by centrifugation at 3 g for 3
min. OD600 was obtained again after washing to confirm that there was no significant
loss of bacteria. The bacterial counts were confirmed by dilution and plating on Tryptic
Soy Agar (TSA; Systems Cat# 236920, BD Diagnostic Systems) using the spread plate
method. The culture was diluted to obtain an initial inoculum of approximately 6 log
CFU/ml.
3.3.6. Bacterial photoinactivation
The photoinactivation of the selected bacteria, expressed as log reductions (i.e.,
log10 [N0/N(t)], where N0 is the initial inoculum count and N(t) is the count after time (t)
after each treatment was used to quantify the antimicrobial activity of the different
curcumin-surfactant systems. Samples were prepared by replacing a volume of buffer
with different volumes of curcumin-surfactant stock solution to obtain a series of samples
that had the same curcumin concentration (1 μM) but different surfactants concentrations
(below, near and above the CMC). After the curcumin was incorporated, the bacteria
were added to obtain 6 log CFU/mL. 2mL of each inoculated solution was aliquoted into
4 wells in sterile 24 well non-treated plates (Celltreat®, #229524, MA, US) and stored in
the dark for 5 min prior to treatment. After that, the samples were either incubated in the
dark or irradiated for 5 min. The irradiated samples were treated using an XL-1500 UVcrosslinker (Spectronic Corporate, Westbury, NY, US) equipped with UV-A light (λ=365
nm). Inside the irradiation chamber, the 24 well plate was placed on an elevated platform
9 cm away from the light source. For each run, four wells were used to irradiate the
samples. The four wells' position was adjusted to expose all the wells to an irradiance of
5.2 ~ 5.4 uW/cm2. Verification of the irradiance and temperature in the wells were made
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with a UV A/B light meter (#850009, Sper Scientific, Scottsdale, AZ, US) and a fourchannel data logger (#800024, Sper Science), respectively. Controls for the independent
effect of the UV light, each surfactant concentration without curcumin, and nonencapsulated curcumin on microbial inactivation were also run.
Bacterial survival after treatment was determined using the table for 3-tube most
probable number (MPN) at 95% confidence interval as described in Food & Drug
Administration Bacteriological Analytical Manual (Food and Drug Administration,
2017). After irradiation, samples were serial diluted in PBS (pH 7.4), and 1 mL from
each dilution (10-1, 10-2, 10-3 or higher) was inoculated into triplicate wells containing 2
mL of TSB or TSBYE (for E. coli or L. innocua, respectively) in a sterile 24 well plate.
After incubation at 37°C for 24 h, the turbidity of the samples in each well was assessed
visually as a presumptive positive growth. Confirmation was done by streaking on
selective media for each microorganism (i.e., MacConkey Agar (BD 211393) and
Modified Oxford Agar (BD 222510) for E. coli and L. innocua, respectively). Confirmed
positive wells were used for calculating the MPN/ml.
3.3.7. Fluorescence Lifetime Imaging Microscopy (FLIM)
Fluorescence Lifetime Imaging Microscopy (FLIM) was used to obtain
information about the local environments of the intrinsic lumiphore (curcumin) in the
studied systems, which provided insights into the partitioning of this PS into the
microbial cells (Colaruotolo, Peters, & Corradini, 2021). Bacteria were deposited onto a
35 mm poly-D-lysine coated dish (P35GC-1.5-10-C, MatTek Life Sciences, Ashland,
MA, US), dried for 2 hours under air circulation in a biological safety hood, and then

27

treated with 5 µM curcumin and S465 or T80 (near CMC). The fluorescence lifetime
measurements of the samples were performed using a Nikon TiE stand with an A1
Spectral Detector confocal microscope (Nikon Instruments Inc., Melville, NY, US)
equipped with a FLIM/FCS module. Briefly, curcumin fluorescence was first imaged
using the traditional scanning confocal capability of the microscope. Once a suitable
field of view was found and focused, the input lasers were changed to a 405 nm pulsed
laser and the fluorescent photons that were produced were directed to the Becker-Hickl
SPC-152/HPM-100-40 dual detector system (Boston Electronics). Curcumin
fluorescence lifetime was measured using 50Mhz pulse frequency. The recorded
fluorescence decay curves were analyzed with Becker & Hickl SPC Image fitting
software to yield the mean fluorescence lifetime of 256 × 256 pixel lifetime images and
characterized the fluorescence lifetime using a multi-exponential model (2 components).
3.3.8. Data acquisition and analysis
All experiments were carried out as three independent experimental replicates.
The Statistical Package for the Social Sciences (SPSS, Version 25, SPSS Inc., USA) was
used to perform the statistical analysis. A paired t-test was used to analyze differences in
the average diameter of micelles, polydispersity (PDI), and antimicrobial efficacy of the
curcumin-loaded micelles at days 0 and 30. This statistical test was also used to analyze
differences in the average log reductions obtained in the irradiated and non-irradiated
samples. Duncan’s new multiple range tests were used to identify differences between
averages of the diameter of micelles, polydispersity (PDI), and log reductions obtained at
different conditions. All tests were performed using p ≤ 0.05 to represent a statistical
significance.
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3.4. Results and Discussion
3.4.1. Influence of pH on the photoinactivation capacity of unencapsulated curcumin
Initially, the antimicrobial activity of non-encapsulated curcumin was evaluated in
different buffer solutions (pH 3.5-7.4) containing 6 Log CFU/mL of E. coli O157:H7
placed in a multi-well plate. Inoculated microbial suspensions (2 mL) containing different
curcumin concentrations (0 – 50 µM) were irradiated with UV-A light (λ=365 nm) for 5
min. As the pH of the buffer decreased, the antimicrobial efficacy increased (Figure 3.2).
According to Tønnesen and Karlsen (1985), the half-life of curcumin in aqueous
solutions (pH 1.2 to 7.0) was longer at lower pH values. Thus, a higher concentration of
curcumin remained in an active form at pH 3.5 than at pH 7.0. Additionally, this lower
pH might have also contributed to a greater influx of non-dissociated citric acid into the
microbial cells, thereby lowering the intracellular pH of the bacteria and enhancing
inactivation, as reported by E. F. de Oliveira et al. (2018). At pH 3.5, the
photoinactivation efficacy increased as the concentration of curcumin increased (Figure
3.2). At pH 5, the same photoinactivation trend was observed until the curcumin
concentration reached 10 µM, then it decreased with a further increase (Figure 3.2). This
effect may have been due to either an increased absorbance of light by the curcumin
molecules or an increased scattering of light by any curcumin crystals formed at high
concentrations, which interfere with the photoinactivation process. At pH 7.4,
photoinactivation by curcumin was adversely affected, probably due to rapid
precipitation or degradation of the curcumin at this pH (Figure 3.2).
The antimicrobial assay employed in these experiments indicated that 1 µM of
curcumin could inactivate at least 2.5 Log CFU/mL of E. coli O157:H7 at pH 3.5.
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Figure 3.2. Reduction of E. coli O157: H7 due to photoactivation with curcumin at
different concentrations and pH 3.5, 5, or 7.4.
“*” indicates that the remaining log count was below the limit of detection of the method
(spread plating).
Capital letters indicate differences between averaged log reductions at different pHs, and
samples with same letters are not significantly different (p>.05). Lower-case letters
indicate differences in averaged log reductions at different curcumin concentration;
means with same letters are not significantly different (p>.05).
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Higher concentrations of curcumin at pH 3.5 gave count levels below the spread plate
limit of detection. Therefore, 1 µM of curcumin was used in subsequent antimicrobial
assays to elucidate the role of the delivery system on the efficacy of the photoinactivation
process.
3.4.2. Influence of surfactant level on curcumin stability in the stock solutions
The maximum loading capacity of the S465 and T80 solutions was determined by
titrating different amounts of curcumin into them and then measuring their turbidity.
These experiments showed that T80 was more efficient at encapsulating curcumin than
S465 (Figure 3.3). The molecular dimensions of surfactants affect the shape and structure
of the micelles formed (Hiemenz & Rajagopalan, 2016), which impacts their
solubilization properties. T80 and S465 have different molecular dimensions and
polarities, as reflected by differences in their hydrophilic-lipophilic balance (HLB) values
(Miraglia, Rodríguez, Minardi, & Schulz, 2011). T80 has a hydrophilic polyoxyethylene
head group with an unsaturated hydrophobic tail with a kink and an HLB value of 15
(Komaiko & McClements, 2016). In contrast, S465 exhibits a “Gemini” shape with two
hydrophobic tails and two ethoxylated hydrophilic groups and an HLB value of 13 (S.
Gaysinsky, 2004). These results are consistent with those of Ma et al. (2018), who
reported a more uniform distribution and stability of curcumin in micellar systems
prepared from surfactants with high HLB values. Based on these results, stock curcuminsurfactant solutions containing 20 µM of curcumin were produced using the two
surfactants. This curcumin concentration was used because it was well below the
maximum loading capacity of the curcumin for the two surfactants used.
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Figure 3.3. Curcumin loading capacity of A) S465 and B) T80 solution.
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Three levels of surfactant were used to produce the 20 µM curcumin-surfactant
stock solutions: 92, 184, and 276 mM for S465 and 0.072, 0.24, and 0.36 mM for T80.
The CMC of pure S465 and T80 have been reported to be around 10.5 mM or 11 ~ 16
mM (Páhi, Király, & Puskás, 2009; Sato & Kishimoto, 1989) and 0.014 mM (Wang &
Gao, 2018), respectively. Hence, a 1:20 dilution of the stock solutions allows curcuminsurfactant solutions to be produced with surfactant concentrations below, near, and above
the CMC. It should be noted that the CMC of a surfactant solution is affected by the
presence of encapsulants and may either increase or decrease depending on the molecular
characteristics of the encapsulant (Wang & Gao, 2018).
Changes in the solubility and stability of curcumin during storage were assessed
by measuring changes in the absorbance and emission intensity of the diluted curcuminsurfactant solutions. The diluted solutions were within the linear region of the intensity
versus concentration relationship, thereby avoiding any inner filter effects that can cause
problems for fluorescence measurements. In contrast to the pure curcumin solutions, the
presence of either S465 or T80 prevented nucleation and precipitation of the curcumin, as
reflected by the lack of a reduction in absorbance and fluorescence intensity values
during storage for 30 days at 4 or 20 °C (Figures 3.4, 3.5, 3.6, 3.7). Regardless of the
surfactant employed, samples with a higher surfactant concentration exhibited higher
fluorescence emission intensity. This effect can be attributed to a higher curcumin
concentration within the hydrophobic interior of the surfactant micelles and less light
scattering by any precipitated curcumin.
The majority of the curcumin-surfactant solutions were stable, i.e., the curcumin
concentration remained constant throughout storage. The only exception was the
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Figure 3.4. Stability of curcumin in ethanol solution and encapsulated in A) S465 and B) T80 at different concentrations during
storage at 20 °C for 30 days. The data shows changes in the absorbance at 425 nm over time.
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Figure 3.5. Normalized fluorescence emission intensity of curcumin in solution and encapsulated in A) S465 and B) T80 at different
concentrations during storage at 20 °C for 30 days (λexc=365 nm, λem= 500 nm).
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Figure 3.6. Absorbance of curcumin in solution and encapsulated in A) S465 and B) T80 at different concentrations during storage at
4 °C for 30 days measured at λ = 425 nm.
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Figure 3.7. Normalized fluorescence intensity of curcumin in solution and encapsulated in A) S465 and B) T80 at different
concentrations during storage at 4 °C for 30 days.
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curcumin-T80 solution below the CMC, which showed an appreciable decrease in
absorbance and fluorescence intensity over time. In this system, extensive precipitation of
curcumin was observed, which precluded measurement of the particle size at day 30
because a representative sample could not be obtained, and the particle size of the
crystals was above the measurement range of the dynamic light scattering instrument.
Overall, all the solutions produced with S465 had a smaller mean particle diameter than
those produced with T80 (Table 3.1). There were no significant differences in mean
particle diameter among samples prepared with the same surfactant. Also, the storage of
the stock solution for 30 days at 4 and 20°C did not affect the mean particle diameter of
the solutions (Table 3.1 and Figure 3.8.). All samples produced with S465 or T80 had a
relatively low charge, as indicated by their low ζ-potential, which can be attributed to the
fact that these are non-ionic surfactants. Moreover, there was no significant change in the
ζ-potential values between days 0 and 30 storage for most samples (Table 3.2).
3.4.3. Influence of surfactant level on microbial photoinactivation
As mentioned earlier, curcumin-surfactant solutions with surfactant levels below,
near, and above the CMCs were prepared that all contained 1 µM curcumin (5 mM
sodium citrate buffer, pH 3.5). These samples were inoculated with the corresponding
microorganisms and then irradiated for 5 min as described in Section 3.7. The efficacy of
curcumin formulations that were freshly prepared or that had been stored for 30 days was
compared. The photoinactivation of the unencapsulated curcumin sample decreased
significantly after storage. Conversely, photoinactivation by the curcumin-surfactant
solution remained constant or only slightly decreased (Figure 3.9.) after 30 days of
storage.
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Table 3.1. Mean diameter and polydispersity index of stock curcumin-surfactant solutions during storage
Curcumin /Surfactant Solution

Curcumin
Conc.
(µM)

Surfactant
Type

NONE

Surfynol
465
20

Tween 80

1

Surfactant
Level

Mean Particle Diameter Z-average (nm)

Polydispersity index (PDI)

4°C

4°C

20°C

Day 0

Day 30

Day 0

Day 30

20°C

Day 0

Day 30

Day 0

Day 30

-

-1

-

-

-

-

-

-

-

Below
CMC

6.8±2.1Aa2

7.6±2.2Aa

6.8±2.1Aa2

7.1±1.8Aa

0.11±0.06Aa

0.09±0.08Aa

0.11±0.06Aa

0.16±0.06Aab

Near
CMC

5.8±0.7Aa

5.3±0.2Aa

5.8±0.7Aa

7.1±1.8Aa

0.11±0.07Aa

0.06±0.05Aa

0.11±0.07Aa

0.08±0.02Aa

Above
CMC

6.6±1.8Aa

6.2±0.7Aa

6.6±1.8Aa

8.3±2.3Aa

0.13±0.03Aa

0.18±0.03Aa

0.13±0.03Aa

0.14±0.01Aa

Below
CMC

-1

-

-

-

-

-

-

-

Near
CMC

15±1.0Ab

16±5.3Ab

15±1.0Ab

17±2.8Ab

0.21±0.09Aa

0.26±0.08Aa

0.21±0.09Aa

0.24±0.07Abc

Above
CMC

15±4.0Ab

19±6.8Ab

15±4.0Ab

17±2.8Ab

0.29±0.16Aa

0.33±0.28Aa

0.29±0.16Aa

0.23±0.02Ac

Samples too polydisperse to be measured with the Zetasizer NS.

2

Capital letters were used to show differences between measurements at day 0 and 30; same letters indicate data was not significantly
different (p>.05). Means with the same lower-case letters in the same column were not significantly different (p>.05).
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Figure 3.8. Average diameter of stock curcumin micelles produced with A) S465 and B) T80 over 30-day storage at 1) 20°C
and 2) 4°C
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Table 3.2. Zeta-potential of stock micelle solution containing different types and amounts of surfactants
Curcumin Micelle

Mean Particle Diameter Z-average (nm)
4°C

Curcumin Conc.
(µM)

Surfactant Type

Surfynol 465

Surfactant Level

20°C

Day 0

Day 30

Day 0

Day 30

Below CMC

-0.3±0.3A2

-0.4±0.5A

-0.3±0.3A2

-0.3±0.2A

Near CMC

-0.02±0.9A

-0.2±0.1A

-0.4±0.7A

-0.3±0.8A

Above CMC

-0.4±0.2A

0.003±0.4A

-0.4±0.2A

-0.3±0.3A

Below CMC

-1

-

-

-

Near CMC

-1.3±1.6A

-0.2±0.4B

-1.3±1.6A

-0.5±1.8A

Above CMC

-0.2±0.5A

-0.1±0.05A

-0.2±0.5A

-0.1±0.4A

20

Tween 80

1

Samples too polydisperse to be measured with the Zetasizer NS due to the formation of curcumin crystals.

2

Capital letters were used to show differences between measurements at day 0 and 30; same letters indicate data was not significantly
different (p>.05)
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Figure 3.9. E. coli O157: H7 log reduction after photosensitization treatments with recently prepared (day 0) and stored (day
30) curcumin in solution or encapsulated in A) S465 and B) T80. Capital letters indicate differences between measurements at
day 0 and 30. Lower-case letters indicate differences between treatments measured on the same day. Samples with the same
letters are not significantly different (p>.05).
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When S465 was present below or near its CMC, photoinactivation was enhanced,
regardless of the age of the stock solution. However, when S465 was present at
concentrations above the CMC, the overall photoinactivation was lower than when using
other curcumin-S465 solutions and similar to unencapsulated curcumin. This effect can
be attributed to the fact that there were more surfactant micelles present that could
solubilize the curcumin. As a result, a lower fraction of the curcumin partitioned into the
cell walls of the bacteria, which reduced its ability to promote photoinactivation. This
hypothesis is supported by the results shown in Figure 3.9, which indicated a higher
fluorescence intensity for these systems, which is consistent with more of the curcumin
being trapped in a highly restrictive environment, such as the hydrophobic core of the
surfactant micelles (K. A. Hammer, C. F. Carson, & T. V. Riley, 1999; Uzhinov, Ivanov,
& Melnikov, 2011). When T80 was present below, near, and above the CMC, at day 0,
the antimicrobial activity was similar to that of unencapsulated curcumin in terms of log
reductions. But on day 30, due to the protective effect provided by the T80, the
inactivation achieved was higher than the one observed using unencapsulated curcumin
stored for 30 days.
The analysis of the FLIM micrographs provides some insights into the differential
performance of the two surfactants (Figure 3.10.). The micrographs for E. coli and
unencapsulated curcumin exhibited shorter average fluorescent lifetimes than those
containing curcumin and surfactant. A higher average lifetime suggests a more effective
adsorption of the PS onto the microbial cell wall and in situ generation of ROS. The
values of the average lifetimes are therefore consistent with the extent of inactivation
obtained for each system.
43

Unencapsulated Curcumin

Curcumin in S465 Micelles

Curcumin in T80 Micelles

τ1=90 ps; τ2=707 ps

τ1=452 ps; τ2=1075 ps

τ1=310 ps; τ2=1069 ps

τavg=301±59 ps

τavg=561±117 ps

τavg=370±33 ps

Figure 3.10. FLIM micrographs of E. coli O157: H7 treated with unencapasulated
curcumin (left), in S465 (middle) and in T80 micelles (right). The correspondent short
and long components of the exponential fit of the lifetime are listed below each image
along average lifetime.
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3.4.4. Combined effects on microbial photoinactivation
In this series of experiments, we examined the contribution of each of the
components in the curcumin-surfactant micellar solutions of the photoinactivation of E.
coli O157:H7 and L. innocua. In this case, the surfactant concentrations used were close
to the CMC values. Photoinactivation with curcumin-loaded micelles produced from
S465 was highly affected by the pH of the system. The dependency of curcumin
photosensitization activity on pH, albeit not within delivery systems, was also reported by
E. F. de Oliveira et al. (2018). Similar to their findings, our study showed that at lower
pH values (3.5), there was a distinct enhancement in antimicrobial activity when both
curcumin and S465 micelles were present (Figure 3.11). Interestingly, S465 micelles
alone could reduce the number of viable E. coli O157:H7 cells to levels similar to those
obtained with unencapsulated curcumin after irradiation. This observation also supports
the reduction in the performance of curcumin-S465 systems when the surfactant
concentration greatly exceeds the CMC. As mentioned earlier, under these conditions,
the photoactivated antimicrobial activity of the curcumin is reduced because it is mainly
trapped inside the hydrophobic interiors of the micelles, rather than in the microbial cells
(Figure 3.9.). Conversely, when the surfactant concentration is near (or below) the CMC,
the antimicrobial activity may be enhanced because there are less surfactant micelles
available to compete with the bacterial cells. It is not expected that the S465 itself
contributes greatly to the antimicrobial activity through photosensitization because its
absorbance and structural properties are not capable of producing high levels of ROS.
However, it has been reported that surfactants can exhibit antimicrobial properties due to
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Figure 3.11. Reductions in A) E. coli O157: H7 and B) L. innocua after
photosensitization with curcumin in solution and S465 micelles at 1) pH 3.5, 2) pH 5, and
3) 7.4. “*” indicates that the MPN was below the limit of detection, and the log reduction
was greater than 5. Capital letters indicate differences between irradiated and nonirradiated samples. Lower-case letters indicate differences within treatments (irradiated
vs. non-irradiated). Means with same letters are not significantly different (p>.05).
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their ability to increase the permeability of cellular membranes (De La Maza, Parra,
Garcia, Ribosa, & Leal, 1992; Le Maire, Moeller, & Champeil, 1987). In fact, a previous
study indicated that micelles produced with Surfynol 485W, which has a similar structure
to S 465 (30 vs. 10 moles of ethylene oxide, respectively) and HLB values (18 vs. 13)
could weakly inhibit the growth of E. coli O157:H7 and Listeria monocytogenes at low
pH (Sylvia Gaysinsky, Davidson, Bruce, & Weiss, 2005). Gram-positive bacterium L.
innocua were more sensitive than Gram-negative bacterium E. coli O157:H7 to
photoinactivation by both the irradiated unencapsulated curcumin or the curcumin-loaded
S465 micelles at all pH values (Figure 3.11). A synergistic antimicrobial activity was not
observed at pH 3.5 and pH 5 for L. innocua due to the limit of detection of the method
used.
When the photoinactivation of curcumin-loaded micelles produced from T80 was
tested at pH 3.5, no synergistic antimicrobial activity was observed between the curcumin
and surfactant. Unlike S465, using a delivery system produced by T80 did not further
decrease E. coli O157:H7 counts present at pH 3.5 after irradiation (Figure 3.11). This
may be due to the difference in the amount of surfactant required to produce the micelles
and the molecular structure of the surfactants. Indeed, a previous study reported that the
size of the headgroup affects the partitioning of non-ionic surfactants into phospholipid
liposomes, thereby causing differences in the rate of leakage of the contents inside them
(De La Maza et al., 1992). Similar to the effects obtained with S465 micelles, L. innocua
was more susceptible to photoinactivation with curcumin-loaded T80 micelles than E.
coli O157:H7 (Figure 3.12).
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Figure 3.12. Reductions in A) E. coli O157: H7 and B) L. innocua photosensitized with curcumin
in solution and T80 micelles at pH 3.5. “*” indicates that the log reduction was below the limit of
detection of the method (MPN). Capital letters indicate differences between irradiated and nonirradiated samples. Lower-case letters indicate differences within treatments (irradiated vs. nonirradiated). Means with same letters are not significantly different.
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L. innocua were more sensitive than E. coli O157:H7 to both types of curcuminloaded micelles due to differences in the structure of their cellular membranes. Previous
studies reported that Gram-positive bacteria are more vulnerable than Gram-negative to
curcumin after irradiation (Dahl, McGowan, Shand, & Srinivasan, 1989; Erick F de
Oliveira, Tosati, Tikekar, Monteiro, & Nitin, 2018). Additionally, the use of delivery
systems such as curcumin-loaded nanoparticles also contributed to an increased
susceptibility in Gram-positive bacteria once irradiated with blue light (Agel et al., 2019).
Gram-positive bacteria have a peptidoglycan layer outside the cytoplasmic membrane,
consisting of peptidoglycan, at least 40% by weight, and anionic polymers covalently
linked to peptidoglycans (Mozes, 1991). However, this layer does not act as a
permeability barrier as it is highly porous to small molecules (Maisch, Szeimies, Jori, &
Abels, 2004). Gram-negative bacteria have a more complex membrane structure. The
outermost layer of Gram-negative bacteria is a membrane consisting of phospholipid
bilayers embedded with lipopolysaccharide (LPS), outer membrane protein, and
lipoprotein, which prevent substances such as antibiotics from entering the cytoplasm
(Maisch et al., 2004). Therefore, the outer membrane of Gram-negative bacteria gives
them some protection from photosensitization by inhibiting the diffusion of PSs into the
cells.
In summary, micellar delivery systems enhanced the photoactivated antimicrobial
efficacy of curcumin. Micelles produced using S465 or T80 increased the stability and
dispersibility, and consequently, the antimicrobial efficacy of curcumin in the aqueous
phase over 30 days storage. Micelles produced using S465, once diluted, had the best
antimicrobial efficacy when the surfactant concentration was near or below the CMC
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because there was less partitioning of the curcumin between the hydrophobic domains in
the micelles and the microbial cells. Also, there was a synergistic effect when both
curcumin and S465 were present, which may have been due to the combined effect of
curcumin and S465 on the cellular membrane of the bacteria.
Interestingly, the curcumin did not precipitate in the surfactant solutions even
under conditions where the surfactant concentration was below the CMC. This effect
may have been due to the ability of the surfactants to inhibit the nucleation and crystal
growth of the curcumin. Presumably, the non-polar tails on the surfactant molecules
could bind to the non-polar surfaces of the curcumin molecules, thereby preventing them
from coming into close contact with each other.
3.5. Conclusions
The formation, stability, and photoactivation efficacy of curcumin-surfactant
solutions depend on the pH of the system, surfactant type, and the level of surfactant
used. The addition of surfactants at any level to the curcumin solution enhanced its
dispersibility, stability, and efficacy as a PS, thereby enhancing its antimicrobial activity.
Surfactant addition also led to the production of stable concentrated curcumin solutions
that could be diluted for use as surface sanitizers. All curcumin-surfactant solutions
prepared from the two non-ionic surfactants used (S465 or T80) were stable, and the
encapsulated curcumin exhibited good photoactivation after storage. However, only
curcumin micelles with S465 concentrations below or near the CMC showed a
synergistic antimicrobial activity between the curcumin and surfactant once irradiated,
with this effect being most predominant at pH 3.5. This effect was mainly attributed to
the stresses imposed on the cellular membranes by both of these compounds, which
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allowed increased influx of weak acids and curcumin into the microbial cells. Grampositive bacteria, with less complex cellular membranes, were more susceptible than
Gram-negative bacteria when curcumin-loaded micelles were used against them. Our
data indicate that using a micelle-based delivery system facilitates adsorption and
generation of ROS in the immediate environment of the microbial cell. Nevertheless,
further studies are required to evaluate the underlying mechanisms of the synergistic
microbial photoactivation by PSs and surfactants.
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Chapter 4
MECHANISMS OF MICROBIAL PHOTOINACTIVATION BY
CURCUMIN’S MICELLAR DELIVERY
4.1. Abstract
Microbial photoinactivation using UV light can be enhanced by the addition of
food-grade photosensitizers (PS), such as curcumin. Micellization of curcumin can
enhance its stability and antimicrobial activity. The objective of this study was to
investigate the potential mechanisms that facilitate the photoinactivation of Escherichia
coli O157: H7 and Listeria innocua by curcumin-loaded surfactant solutions produced
with Surfynol 465 (S465) or Tween 80 (T80) below, near, and above their critical micelle
concentration (CMC). Stock curcumin-surfactant solutions were produced with S465 or
T80 (5mM sodium citrate buffer, pH 3.5). Mixtures of each bacterial suspension , 1 µM
curcumin, and surfactants at concentrations below, near, and above their CMCs were
irradiated for 5-min with UV-A light (λ=365 nm). The initial inoculum of the mixture
was 6 LogCFU/mL. Microbial recovery after treatments was assessed by monitoring the
growth of treated E. coli O157: H7 or L. innocua using an oCelloscopeTM. The growth
curves were characterized using a modified logistic model. Both Gram-positive and
Gram-negative bacteria showed less and slowest recovery when treated with a curcuminS465 solution (S465 near or at CMC) before irradiation. FLIM micrographs suggested
that curcumin was preferentially localized at the cell membrane when S465 was present,
as evidenced by its longer lifetimes in samples treated with curcumin-S465 solutions.
When loosely bound or unbound curcumin was removed by washing, the recovery of
both E. coli O157: H7 or L. innocua was faster. This suggested that curcumin partitioning
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has a significant role in microbial photoinactivation, possibly due to the production of
ROS closer to/within the membrane. From the Live/Dead cell assay, it was observed that
the permeability of the membrane of E. coli O157: H7 increased when S465 was present,
suggesting that S465 can also facilitate the localization of curcumin inside or adjacent to
the cell membrane, enhancing photoinactivation. Therefore, a synergistic antimicrobial
effect was observed when curcumin is present alongside S465 at concentrations below or
near its critical micelle concentration (CMC) due to the disruption of the cell membrane
by S465.
Keywords: microbial photoinactivation; curcumin; micelle; photosensitizer; critical
micelle concentration; growth kinetics; Escherichia coli O157:H7; Listeria innocua
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4.2. Introduction
Photodynamic microbial inactivation (PDI) has received considerable attention as
a novel strategy for surface sanitation that could potentially replace the currently used
methods. PDI uses nontoxic PS in combination with light in the UV or visible range to
produce ROS that lead to microbial inactivation. One of the major advantage of using PDI
is that is that it does not induce resistance to bacteria unlike other sanitizing agents (Tsai,
Yang, Wang, Chien, & Chen, 2009). For instance, multiple studies indicated that certain
bacteria could adapt to sanitization using peracetic acid, origanum oil, or quaternary
ammonium compounds such as benzalkonium chloride (Becerril, Nerín, & Gómez-Lus,
2012; Gu et al., 2020; Langsrud, Sundheim, & Borgmann‐Strahsen, 2003; Romanova,
Wolffs, Brovko, & Griffiths, 2006). Upon photoexcitation, PS can absorb energy from light
and then transfer it to acceptor molecules, such as a surrounding substrate or molecular
oxygen (3O2), generating excited singlet oxygen (1O2) and other ROS (Cossu, Ledda, &
Cossu, 2021; Maisch, Szeimies, Jori, & Abels, 2004). These ROS react with lipids or
proteins in the cellular membrane and at different parts of the cell causing oxidative stress
eventually leading to loss of its viability (Cossu et al., 2021). Also, if partitioned deep
enough inside the cell, it could react with nucleic acids (Cossu et al., 2021; Macdonald &
Dougherty, 2001).
The nontoxic PS we used for this is curcumin, a polyphenolic compound found in
Curcuma longa species, and it was used as a natural food-grade PS in this study. Curcumin
is widely studied due to its various beneficial properties as an antibacterial, antiviral,
antifungal, and anticancer agent (Zorofchian Moghadamtousi et al., 2014). This study
focuses on curcumin’s photoactivated antimicrobial effects. The PS ability of curcumin has
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been reported and summarized in several studies (Cossu et al., 2021; Dahl, McGowan,
Shand, & Srinivasan, 1989; de Oliveira, Tosati, Tikekar, Monteiro, & Nitin, 2018;
Zorofchian Moghadamtousi et al., 2014). Like other PS used for PDI, such as chlorophyllin,
Eosin Y, Rose Bengal, etc., curcumin produces ROS that inactivate bacteria (Cossu et al.,
2021).
Although curcumin is an effective PS, its incorporation into aqueous solutions,
which are commonly used for washing vegetables, fruits, or food contact surfaces, is
difficult due to its limited solubility, i.e., 3.12 mg/L at 25°C (Karaffa, 2013) and inherent
instability in water (de Oliveira et al., 2018). Curcumin crystallizes at acidic pHs and
degrades at basic pHs in the aqueous phase (Tønnesen & Karlsen, 1985). These poperties
of curcumin hinders its ability to produce ROS such as 1O2 and superoxide (O2-) in the
aqueous environment. However, in the previous study it was reported that 1O2 production
by curcumin was detected once it was encapsulated in micelles while there was no
detection in the aqueous phase (Chignell et al., 1994). The authors attributed the
dependence of curcumin’s 1O2 production on the environment it was exposed to was due
to changes in activation of keto group of curcumin which was inactivated in protic solvent
(Chignell et al., 1994). In addition, 1O2 is reported to have a lifetime of 10-100 µs in organic
solvent while it has a lifetime of 2 µs in aqueous media as the excited-state energies of
singlet oxygen gets dissipated as heat by O-H stretching of water molecule (Macdonald &
Dougherty, 2001). Therefore, an appropriate delivery system should be applied to increase
curcumin’s stability and performance as an antibacterial agent. Previous studies have
shown that curcumin encapsulated in surfactant micelles could be stable for a long period
of time (e.g., over 30 days), which also prolonged its photoactivated antimicrobial activity
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(Duan et al., 2015; Ryu et al., 2021). Ryu et al. (2021) indicated that the characteristics of
the surfactant used to produce curcumin-loaded micelles affect its efficacy. For example,
the use of a “Gemini” surfactant such as Surfynol 465 (S465) resulted in synergistic
microbial photoinactivation as the surfactant itself had weak bactericidal activity at low pH
(Ryu et al., 2021). However, the exact mechanism responsible for this synergism when
both curcumin and S465 were present was not investigated. Therefore, we hypothesized
that, in addition to the curcumin’s inherent ability to perform as a PS and produce ROS,
the addition of surfactants could potentially enhance: (i) light penetration through water;
(ii) chemical stability of curcumin; and (iii) partitioning of curcumin inside the cell; (iv)
the extent of time required for recovery of the affected microbial population.
In this study, curcumin-surfactant solutions were produced containing different
concentrations of Surfynol 465 (S465) or Tween 80 (T80), which are both approved to be
used on food contact surfaces. Photoinactivation efficacy of these curcumin-surfactant
solutions was tested against Escherichia coli O157:H7 and Listeria innocua by observing
their recovery after treatment using an oCelloscopeTM. Also, the contribution of
partitioned curcumin to the microbial photoinactivation was assessed by washing the
cells after incubating them with curcumin or curcumin-surfactant solutions for 1 h. This
washing step removes loosely-bound and unbound curcumin from the cell membrane,
allowing only partitioned curcumin to remain in the studied system. The mechanisms
behind the synergistic antimicrobial effect of the S465 micelles loaded with curcumin
were studied using Fluorescence Lifetime Imaging Microscopy (FLIM) and a Live/Dead
Cell Assay. The purpose of this approach was to evaluate how the surfactant could
enhance curcumin’s performance against common foodborne pathogenic bacteria.
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4.3. Materials and Methods
Curcumin with a purity higher than 97% was purchased from TCI Chemicals
(C2302-5G, Montgomeryville, PA, US). Two nonionic surfactants, Surfynol 465 (S465)
and Tween 80 (T80) were obtained from Shenzhen Vtolo Industrial Co. Ltd (Shenzhen,
Guangdong, China) and Sigma-Aldrich (P1754, St Louis, MI, US), respectively. 5 mM
sodium citrate buffer was prepared using citric acid monohydrate (C7129, SigmaAldrich) and sodium citrate (#775538, Fisher-Scientific, Waltham, MA, US). Absolute
ethanol (#111000200) was obtained from Pharmco (Brookfield, CT, US).
4.3.1. Preparation of stock solutions
Curcumin was dissolved in ethanol to prepare curcumin stock solution (4 mM).
20 µM curcumin-surfactant stock solution was prepared by titrating (2.5 mL/min) the
curcumin dissolved in ethanol into the agitated surfactant solution (S465 or T80) stirred
with a magnetic stir bar at 125 rpm. The surfactant solution was prepared dissolving S465
or T80 in 5mM sodium citrate buffer at pH 3.5 for 20 min with agitation. After titration,
the stock curcumin micelle solution was stirred for additional 15 min to induce nucleation
and crystallization of curcumin to determine whether there was a high enough surfactant
concentration to solubilize the curcumin (Kharat et al., 2017). Filter-sterilization of
curcumin micelles was done using a 0.45 µM syringe filter (Cat# 02915-22, Cole-Palmer,
Vernon Hills, IL, US) and stored at 4 °C. The concentration of surfactant and curcumin
used to produce curcumin-surfactant stock solutions were selected so that 1 µM curcumin
and surfactant concentration below, at, or above the CMC could be obtained after
dilution.
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4.3.2. Stability of encapsulated curcumin after dilution
The stability of encapsulated curcumin was determined by diluting the 20 µM
curcumin-surfactant stock curcumin to 1:20 in 5 mM sodium citrate buffer (pH 3.5) and
measuring its absorbance over 1 hour with UV-Visible spectrophotometer (Shimadzu
Scientific, Kyoto, Japan) at 10 min interval. The solutions were transferred to 1-cm light
path quartz cuvettes (FireflySci Inc., Staten Island, NY, US) and their absorbance was
measured at 425 nm, and 5-nm slit. The fluorescence intensity of the diluted curcumin
solution (1 µM) was used to assess the lack of precipitation and stability of the
encapsulated curcumin to oxidation. Fluorescence emission spectra of the curcumin and
the curcumin-surfactant solutions over time were recorded using a spectrofluorometer
(Fluoromax 4, Horiba Scientific Inc., Edison, NJ, US) and excitation wavelength of 365
nm over an emission wavelength range of 375 to 600 nm. The excitation and emission
slits were set at 3 and 4 nm, respectively.
4.3.3. Bacterial culture conditions
E. coli O157:H7 (ATCC-43888, non-toxigenic strain) and L. innocua Seelinger
(ATCC-51742) were obtained from the American Type Culture Collection (Manassas,
VA, US). A frozen stock of E. coli O157:H7 suspension was prepared in a mixture of
tryptic soy broth (TSB; Cat# DF0064-07-6, BD Diagnostic Systems, Berkshire, UK) and
25% v/v glycerol. For L. innocua Seelinger, the stock was prepared in a mixture of tryptic
soy broth with 0.01% of yeast extract (TSBYE) and 25% v/v glycerol. Both stocks were
stored at -80°C. A working stock was prepared by inoculating a loopful of frozen stock in
TSB then incubating at 37°C overnight. Then, the working stocks were streak plated onto
MacConkey Sorbitol Agar (MCS; Cat# 279100, BD Diagnostic Systems) or Modified
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Oxford Agar (Cat# 222530, BD Diagnostic Systems), which was then stored at 4°C for a
week.
For the photoinactivation assay, a colony was inoculated into TSB or TSBYE and
incubated at 37 °C for 18 h on a 125 rpm shaker. For each experiment, 18 h cultures were
diluted, and their optical density at 600 nm (OD600) was adjusted to 0.15 cm-1, which
confirmed the culture initially contained approximately 9 log CFU/mL. Bacteria were
then washed two times with PBS by centrifugation at 3 g for 3 min. OD600 was obtained
again after washing to confirm that there was no significant loss of bacteria. The bacterial
counts were confirmed by dilution and plating on Tryptic Soy Agar (TSA; Systems Cat#
236920, BD Diagnostic Systems) using the spread plate method. The culture was diluted
to obtain an initial inoculum of approximately 6 log CFU/ml.
4.3.4. Partitioning assay
4.3.4.1. Sample preparation
Preparation of samples was done by replacing a volume of buffer with different
volumes of curcumin-surfactant stock solution to obtain a series of samples with the same
curcumin concentration (1 µM) but different surfactant concentrations (below, near, and
above the CMC). The bacteria were then added to obtain 6 log CFU/mL. Bacteria were
preincubated in the dark with curcumin-surfactant solutions for 1 h to determine whether
the partitioned curcumin had a significant role in their inactivation. They were then
washed one time with 5 mM sodium citrate buffer (pH 3.5) by centrifugation at 3 g for 3
min.
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4.3.4.2. Bacterial photoinactivation
2mL of each inoculated solution was aliquoted into 4 wells in sterile 24 well nontreated plates (Celltreat®, #229524, MA, US) and stored in the dark for 5 min prior to
treatment. After that, the samples were either incubated in the dark or irradiated for 5
min. The irradiated samples were treated using an XL-1500 UV-crosslinker (Spectronic
Corporate, Westbury, NY, US) equipped with UV-A light (λ=365 nm). Inside the
irradiation chamber, the 24 well plate was placed on an elevated platform 9 cm away
from the light source. For each run, four wells were used to irradiate the samples. The
four wells' x,y position was adjusted to expose all the wells to an irradiance of 5.2 ~ 5.4
µW/cm2. Verification of the irradiance and temperature in the wells were made with a
UV A/B light meter (#850009, Sper Scientific, Scottsdale, AZ, US) and a four-channel
data logger (#800024, Sper Science), respectively. Controls for the independent effect of
the UV light, each surfactant type and concentration without curcumin, and nonencapsulated curcumin on microbial inactivation were also run.
4.3.5. Bacterial growth after photoinactivation
4.3.5.1. Monitoring growth using an oCelloscopeTM
Recording of bacterial growth and its susceptibility toward photoinactivation was
performed using the oCelloscopeTM (BioSense Solution, Farum, Denmark). After
photoinactivation, 100 µL of the treated sample was introduced to 200 µL of growth
medium (2XTSB) in each well of 96 well plate. The dilution in TSB stops further
photoinactivation by curcumin due to the relatively high pH around 7 of the resulting
solution (Erick F de Oliveira et al., 2018).
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The 96 well plate was placed inside the oCelloscopeTM. Ten images were acquired
every 1h for 24h, the distance for imaging was fixed at 4.9 µm, and the illumination time
was 2 ms. Growth curves of the bacteria over time were determined by the backgroundcorrected absorption (BCA) algorithm of the Uniexplorer software (Biosense Solutions,
version 10.0). The BCA algorithm utilizes data from the z-stacks and the increase in
microbial counts is calculated and reported in a logarithmic scale (base 10). Also,
morphological changes of the bacteria due to the photoinactivation treatment were assessed
using best focus images.
4.3.5.2. Microbial growth modelling
The BCA value at each time interval (i.e., data was recorded hourly for a full day)
acquired from oCelloscopeTM was used to follow the growth of E. coli O157:H7 and
Listeria innocua after treatment. The data were characterized using a modified logistic
model as described in (Corradini & Peleg, 2005):
𝑎

1

𝑌(𝑡) = 1+exp(𝑘∗(𝑡−𝑡 ) − 1+exp(𝑘∗𝑡
𝑐

(4.1)

𝑐)

where, Y(t) is the ratio between the momentary and initial BCA values, a is the maximum
value of the growth curve, k is the growth rate, and tc indicates the inflection point. The
experimental data were fitted with Eq. 1 using the nonlinear regression routine in
Mathematica 12.2 (Wolfram Research, Inc. Champaign, IL, US). The goodness of fit was
evaluated based on the mean squared error.
4.3.6. Fluorescence Lifetime Imaging Microscopy (FLIM)
Fluorescence Lifetime Imaging Microscopy (FLIM) was used to study the local
environment around the lumiphore (i.e., curcumin), which can provide insights into the
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partitioning of this PS into the microbial cells (Colaruotolo et al., 2021). 10 µL of the
bacterial culture was placed on a 35 mm poly-D-lysine coated dish (P35GC-1.5-10-C,
MatTek Life Sciences, Ashland, MA, US). Cells were dried for 2 h under air circulation
in a biological safety hood and were treated with 5 µM curcumin and S465 or T80 (near
CMC). For the samples prepared to observe partitioned curcumin, cells were washed with
buffer after preincubation with 5 µM curcumin and S465 or T80 for 1 h and then was
dried for 10 min. The fluorescence lifetime measurements of the samples were performed
using a Nikon TiE stand with an A1 Spectral Detector confocal microscope (Nikon
Instruments Inc., Melville, NY, US) equipped with a FLIM/FCS module. Firstly, the
fluorescence of curcumin was imaged using the traditional scanning confocal capability
of the microscope. Once a suitable field of view was found and focused, the input lasers
were changed to a 405 nm pulsed laser, and the fluorescent photons that were produced
were directed to the Becker-Hickl SPC-152/HPM-100-40 dual detector system (Boston
Electronics). Curcumin fluorescence lifetime was measured using 50Mhz pulse
frequency. The recorded fluorescence decay curves were analyzed with the Becker &
Hickl SPC Image fitting software to yield the mean fluorescence lifetime of 256 × 256
pixel lifetime images and characterized the fluorescence lifetime using a multiexponential model (2 components).
4.3.7. Live/Dead cell assay
A live/dead cell assay was performed to measure the proportion of cells with a
permeable membrane after each treatment. Equal volumes of Syto 9 (S34854,
Thermofisher, Waltham, MA, US) and propidium iodide (25535-16-14, Sigma-Aldrich)
were mixed in a centrifuge tube. 3 µl of the dye mixture was added to 1 mL of the
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bacterial suspension (7 log CFU/mL). This mixture was then incubated in the dark at
room temperature for 15 min. 20 µL of the sample was placed on a 35 mm poly-D-lysine
coated dish. The fluorescence signal of the cell permeable dyes was obtained using
confocal microscope with structured illumination (A1R-SIMe, Nikon Instruments Inc.,
Melville, NY, US). Once the appropriate field of view was found and focused, a 488 nm
laser was used to excite the dyes. Obtained micrographs were analyzed using NISElements software (Nikon Instruments Inc.) to determine the proportion of cells in the
sample that had a permeable membrane as indicated by emission wavelength from the
propidium iodide.
4.3.8. Cell Injury
The percentage of injured E. coli O157:H7 cells after different treatment was
determined by comparing the number of colonies on selective (MSC and
TSA+2.5%NaCl) and nonselective (TSA) agar. The percentage (%) of injury was
calculated using Eq. (4.2) (Busch & Donnelly, 1992; Espina, García-Gonzalo, & Pagán,
2016).
#𝑜𝑓𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠𝑜𝑛𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑒𝑎𝑔𝑎𝑟

[1 − #𝑜𝑓𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠𝑜𝑛𝑛𝑜𝑛𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑒𝑎𝑔𝑎𝑟] ∗ 100

(4.2)

4.3.9. Data acquisition and analysis
All experiments were done in triplicate. All statistical analyses were performed
using p ≤ 0.05 to represent statistical significance.
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4.4. Results and Discussion
4.4.1. Potential mechanism of synergistic microbial photoinactivation by curcumin
and surfactant
Ryu et al. (2021) identified the synergistic photoinactivation of E. coli O157:H7
when curcumin was present with S465 in 5 mM sodium citrate buffer at pH 3.5. Some of
the potential mechanisms responsible for this synergistic effect are: i) the presence of the
surfactant increased the solubilization of curcumin in the aqueous solution causing the
solution to become more transparent, reducing light scattering and increasing
photoexcitation of the curcumin throughout the sample; ii) the surfactant increased the
stability of curcumin, prolonging its activity as a PS; iii) the surfactant enhanced the
partitioning of curcumin inside the cell by physically bringing the curcumin closer to the
cell and also causing the cellular membrane to become more permeable. The absorbance
of the curcumin-S465 micellar solution, was significantly higher than that of curcumin
dissolved in ethanol and diluted with buffer, which suggests less turbidity and scatter
(Figure 4.1). The surfactant micelles also prevented the nucleation of curcumin, causing
an increase in its concentration in the solution and, consequently, its absorbance (Figures
4.2 and 4.3). Curcumin stability after dilution was assessed for 1 h based on the
absorbance and the fluorescence emission intensity of diluted curcumin micelle solutions
in 5 mM sodium citrate buffer (pH 3.5). The 20 µM stock curcumin micelle solution was
diluted to 1 µM since this concentration was identified before to provide microbial
inactivation. The encapsulated curcumin was more stable than the unencapsulated
curcumin when either surfactant (S465 or T80) was present (Figures 4.2 and 4.3). Also,
more curcumin was
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Figure 4.1. Absorbance spectra of unencapsulated curcumin, curcumin micelle, and
surfactant micelle produced using A) S465 and B) T80.
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Figure 4.2. Normalized absorbance (at 425 nm) of A) S465-curcumin and B) T80curcumin solutions at different concentrations as a function of time.
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Figure 4.3. Normalized fluorescence emission intensity (λexc=365 nm, λem= 500 nm) of
A) S465-curcumin and B) T80-curcumin solutions at different concentrations as a
function of time.
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soluble in the solution when a higher concentration of either surfactant was present.
Therefore, in the consecutive sections, we focused on whether the micelle enhanced the
partitioning of curcumin inside the cell.
4.4.2. Contribution of each of the components of curcumin surfactant solutions to
photoinactivation
4.4.2.1. Surfactant levels contributions to cell injury during photoinactivation with
curcumin
An oCelloscopeTM was used to study cells’ recovery after photoinactivation using
curcumin, surfactant, and UV-A light. The efficacy of the treatments was determined
based on the values of growth parameters obtained by characterizing the growth curves
with Eq. 1. This model’s parameters, a, k and tc, correspond to the extent, rate, and time
required for effective recovery of the cells. Although the maximum growth was similar to
the control for all the surfactant levels and types, the growth rate was lower, and the time
for effective recovery was longer when both curcumin and surfactants were present
(Table 4.1, Figure 4.4). However, all surfactant solutions produced with T80 had a faster
recovery rate than when S465 was used (Table 4.1, Figure 4.4). Similarly, the time
required for effective recovery was longer for the S465 solutions. These trends indicate a
more detrimental and permanent effect when S465 rather than T80 was used. It should
also be noted that the surfactant concentration also affected the recovery rate (below
CMC < near CMC < above CMC) and the time required for recovery (below CMC > near
CMC > above CMC), which would correlate to the level of damage exerted by each
curcumin–surfactant solution. The solubilization of curcumin in surfactant micelles could
close the distance between the curcumin and the cells in the aqueous phase. This is
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Table 4.1. Growth parameters and goodness of fit measures of E.coli O157:H7 after
photoinactivation using a curcumin-surfactant solution at different surfactant
concentrations, determined using Eq. (4.1) as a model.
Parameters*
Sample

Irradiated
Control

Surfactant
Concentration

none

below CMC

Curcumin- S465
(Irradiated)

k

tc

(-)

(h-1)

(h)

3.54

0.30

7.16

(3.47-3.61)

(0.28-0.32)

(6.90-7.42)

3.49

0.11

28.3

(3.14-3.83)

(0.08-014)

(24.0-32.3)

4.12

0.15

20.1

near CMC

above CMC

below CMC

Curcumin T80
(Irradiated)

a

near CMC

above CMC

MSE

0.0048

0.0070

0.0029
(3.47-4.77)

(0.13-0.16)

(17.8-22.3)

3.69

0.15

16.5

(3.33-4.06)

(0.14-0.17)

(15.0-17.9)

4.33

0.15

17.1

(3.78-4.88)

(0.13-0.17)

(15.2-19.0)

3.91

0.21

11.0

(3.76-4.07)

(0.19-0.23)

(10.5-11.5)

3.78

0.24

12.4

(3.63-3.92)

(0.22-0.26)

(12.0-12.9)

* Confidence Interval (95%) in between brackets
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0.0031

0.0055

0.0060

0.0051

Figure 4.4. Recovery of E. coli O157:H7 after treatment with different curcumin
surfactant solutions A) S465 and B) T80. Symbols represent experimental data and
dashed lines the fit of Eq.1.
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important as all ROS are unstable, and if generated too far from the target, they will
disappear before exerting reactions necessary for the photoinactivation of cells. However,
micelles could also prevent curcumin, from participating in the photoinactivation of the
cell if it is within the micelle, limiting ROS to reach the cell (K. Hammer, C. Carson, &
T. Riley, 1999). Therefore, cells treated with curcumin-surfactant solutions at surfactant
concentrations above the CMC had the fastest recovery rate among the three solutions.
All the results were consistent with the previous study that evaluated the microbial
photoinactivation efficacy of curcumin-surfactant solutions using the most probable
number (Ryu et al., 2021).
It was also noticed that all treated cells had similar initial BCA values (t= 0 min)
(Figure 4.5). The BCA value correlates to the number of cells present in the evaluated
solution at a given time. The lysis of cells leads to a decrease in the initial BCA value, as
seen from an study that uses antibiotics (McLaughlin & Sue, 2018). The previous study
clearly showed that there were differences in the number of viable cells remaining after
treatment with different curcumin-surfactant solutions (Ryu et al., 2021). Since the initial
BCA values are similar while the number of viable cells decreased, it shows that the
microbial photoinactivation using curcumin or curcumin-surfactant solutions can be
considered non-lytic.
The cause of a superior antimicrobial efficiency when S465 was employed was
further investigated by observing the contribution of individual components of the
solution to microbial photoinactivation.
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Figure 4.5. Recovery of E. coli O157:H7 after treatment with different curcuminsurfactant solutions A) S465 and B) T80. Symbols represent experimental data.
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4.4.2.2 Contribution of of other components of curcumin surfactant solutions to
photoinactivation
In this section, the contribution of each of the components of the curcuminsurfactant solutions to microbial inactivation on non-irradiated and irradiated samples
was investigated by observing the recovery of the treated cells over time using the
oCelloscopeTM. Curcumin-surfactant solutions at surfactant concentration near CMC
were used for evaluation. This condition was chosen as the encapsulated curcumin in the
surfactant solution at a concentration near CMC had higher solubility and better stability
while maintaining its antimicrobial activity than the one with below or above CMC
(Figure 2) (Ryu et al., 2021). The extent, rate, and recovery time were similar to the E.
coli O157:H7 control for all the tested systems in the non-irradiated samples.
Interestingly, non-irradiated L. innocua inoculated samples exposed to S465, with or
without curcumin exhibited a lower extent and rate and required more time for recovery,
which attested to the contribution of this surfactant to microbial inactivation. The
recovery of irradiated E. coli O157:H7 and L. innocua treated with S465 alone or
combined with curcumin was slower than that of the systems containing T80 (Tables 4.2
and 4.3). Both surfactants do not exhibit absorbance peaks at 365 nm, the wavelength
used to excite curcumin in this study, as shown in Figure 4.1. Therefore, no
photosensitization effect could be attributed to either surfactant. Their contributions to
inactivation and slow recovery are possibly due to the increase
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Table 4.2. Growth parameters and goodness of fit measures of E. coli O157:H7 treated with curcumin-surfactant solutions and their
individual components, determined using Eq. (4.1) as a model.
Sample

Treatment

Irradiated

Parameters*
k
(h-1)
0.42 (0.39-0.46)
0.38 (0.35-0.41)
0.30 (0.27-0.34)
0.19 (0.18-0.21)
0.45 (0.41-0.49)
0.23 (0.20-0.26)
0.30 (0.29-0.32)
0.17 (0.16-0.18)
0.38 (0.35-0.41)
0.29 (0.27-0.31)
0.20 (0.19-0.21)
0.24 (0.21-0.26)
0.35 (0.32-0.39)
0.17 (0.14-0.20)
0.20 (0.19-0.22)
0.16 (0.12-0.19)
0.31 (0.27-0.36)
0.30 (0.28-0.32)
0.27 (0.23-0.30)
0.28 (0.26-0.31)
0.32 (0.28-0.36)
0.21 (0.19-0.23)
0.31 (0.27-0.35)
0.15 (0.14-0.17)

a
(-)
Control
Unwashed
NO
3.59 (3.53-3.64)
YES
3.86 (3.80-3.93)
Washed
NO
3.90 (3.84-3.96)
YES
3.77 (3.56-3.99)
Curcumin
Unwashed
NO
3.82 (3.75-3.88)
YES
3.76 (3.58-3.94)
Washed
NO
3.32 (3.27-3.37)
YES
3.95 (0.18-0.21)
S465
Unwashed
NO
3.88 (3.81-3.95)
YES
3.63 (3.57-3.70)
Washed
NO
3.46 (3.35-3.58)
YES
3.89 (3.73-4.05)
CurcuminUnwashed
NO
3.79 (3.71-3.86)
S465
YES
4.67 (4.05-5.26)
micelle
Washed
NO
4.18 (4.02-4.34)
(near CMC)
YES
4.42 (3.81-5.00)
T80
Unwashed
NO
4.30 (4.15-4.45)
YES
4.02 (3.91-4.11)
Washed
NO
4.03 (3.90-4.16)
YES
3.84 (3.75-3.94)
CurcuminUnwashed
NO
3.63 (3.52-3.73)
T80 micelle
YES
3.91 (3.76-4.07)
(near CMC) Washed
NO
3.94 (3.85-4.07)
YES
4.19 (3.49-4.89)
* Confidence Interval (95%) reported in between brackets
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MSE

4.72
5.39
6.63
14.3
4.29
7.69
8.38
20.6
4.94
8.86
13.9
9.34
5.54
21.1
11.5
12.3
6.48
7.92
6.16
7.88
6.86
11.0
5.72
15.7

tc
(h)
(4.52-4.93)
(5.19-5.61)
(6.28-6.97)
(13.5-15.0)
(4.10-4.50)
(7.03-8.36)
(8.18-8.57)
(19.5-21.7)
(4.70-5.20)
(8.63-9.09)
(13.5-14.3)
(8.80-9.90)
(5.26-5.81)
(20.0-22.2)
(10.9-12.0)
(10.1-14.5)
(6.00-6.96)
(7.64-8.18)
(5.73-6.65)
(7.57-8.51)
(6.48-7.24)
(10.5-11.5)
(5.38-6.15)
(14.2-17.2)

0.0058
0.0065
0.0120
0.0036
0.0078
0.0184
0.0024
0.0008
0.0085
0.0035
0.0013
0.0120
0.0092
0.0167
0.0049
0.0297
0.0280
0.0068
0.0170
0.0066
0.0132
0.0060
0.0156
0.0076

Table 4.3. Growth parameters and goodness of fit measures of L innocua treated with curcumin-surfactant solutions and their
individual components, determined using Eq. (4.1) as a model.
Sample

Treatment

Irradiated

Parameters*
a
(-)
Control
Unwashed NO
3.56 (3.47-3.64)
YES
3.58 (3.54-3.61)
Washed
NO
3.84 (3.33-4.38)
YES
3.23 (3.04-3.42)
Curcumin
Unwashed NO
3.76 (3.50-4.00)
YES
2.03 (1.82-2.24)
Washed
NO
3.34 (2.97-3.70)
YES
2.42 (2.07-2.77)
S465
Unwashed NO
1.96 (1.85-2.06)
YES
1.02 (0.94-1.09)
Washed
NO
1.84 (1.58-2.09)
YES
0.33 (0.31-0.35)
CurcuminUnwashed NO
1.23 (1.14-1.36)
S465 micelle
YES
0.86 (0.84-0.89)
(near CMC)
Washed
NO
1.23 (1.15-1.31)
YES
0.53 (0.43-0.63)
T80
Unwashed NO
3.93 (3.64-4.22)
YES
3.56 (3.25-3.87)
Washed
NO
3.73 (3.39-4.08)
YES
5.54 (5.04-6.04)
CurcuminUnwashed NO
3.72 (3.59-3.86)
T80 micelle
YES
1.59 (1.29-1.89)
(near CMC)
Washed
NO
3.64 (3.26-4.02)
YES
2.19 (1.23-3.14)
* Confidence Interval (95%) in between brackets

MSE
K
(h-1)
0.33
0.32
0.33
0.24
0.35
0.09
0.34
0.15
0.55
0.74
0.14
1.30
0.36
0.12
0.17
2.62
0.29
0.27
0.34
0.15
0.28
0.30
0.24
0.11
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(0.31-0.35)
(0.30-0.33)
(0.23-0.42)
(0.20-0.27)
(0.28-0.42)
(0.09-0.10)
(0.25-0.42)
(0.14-0.16)
(0.40-0.70)
(0.42-1.06)
(0.13-0.16)
(1.26-1.34)
(0.24-0.46)
(0.11-0.13)
(0.15-0.20)
(2.42-2.82)
(0.24-0.34)
(0.22-0.32)
(0.26-0.42)
(0.14-0.16)
(0.25-0.31)
(0.23-0.37)
(0.19-0.28)
(0.10-0.12)

tc
(h)
11.0
11.2
14.5
11.4
13.3
24.7
14.2
21.2
19.0
22.7
17.6
2.15
18.9
5.30
5.41
0.78
12.8
14.0
14.0
26.5
10.8
20.4
13.3
28.7

(10.8-11.3)
(11.0-11.4)
(13.3-16.0)
(10.7-12.1)
(12.7-14.1)
(22.2-27.3)
(13.2-15.3)
(19.2-23.2)
(18.4-19.6)
(22.1-23.4)
(15.4-19.7)
(1.45-2.85)
(17.9-20.1)
(4.01-6.70)
(4.47-6.35)
(0.08-1.50)
(12.0-13.6)
(13.1-15.0)
(13.1-14.9)
(25.1-27.9)
(648-7.24)
(17.8-23.4)
(12.1-14.5)
(21.7-35.7)

0.0047
0.0032
0.0789
0.0010
0.0034
0.0011
0.0048
0.0006
0.0230
0.0110
0.0010
0.0011
0.0120
0.0001
0.0012
0.0023
0.0300
0.0021
0.0444
0.0070
0.0132
0.0035
0.0270
0.0006

in permeability of the membrane of the cells when surfactants were present (De La Maza
et al., 1992). S465 is a “Gemini” shaped surfactant with two hydrophobic tails, two
ethoxylated hydrophilic groups, and an HLB value of 13 (S. Gaysinsky, 2004). T80 is a
more linear-shaped surfactant with a hydrophilic polyoxyethylene head group, a
hydrophobic tail with a kink, and an HLB value of 15 (Komaiko & McClements, 2016).
The gemini structure of surfactant may have benefits over monomeric ones in interacting
with the cell. According to Sharma et al. (2005), the synthesized dimeric alkanolamine
based cationic “Gemini” surfactants were more efficient in inhibiting E. coli and Bacillus
subtilis growth than their monomeric counterparts. They attributed this effect to the
increased interaction between the cell and the surfactant due to a higher number of polar
heads and hydrophobic tail groups in this kind of surfactant (Sharma et al., 2005). In
another study, the antimicrobial activity of Surfynol 485W (S485W) micelles was
evaluated. In comparison to S465, S485W has additional hydrophilic ethylene oxide
groups (30 instead of 10 moles) and a higher HLB value (18 instead of 13) (Sylvia
Gaysinsky et al., 2005). This study indicated that S485W had weak antimicrobial activity
against E. coli O157:H7 and Listeria monocytogenes at pH 5. In the current study, S465
also showed a weak antimicrobial activity against E. coli O157:H7 at pH 3.5 that is
enhanced in irradiated samples. We could conclude that cells were more vulnerable to
S465 than T80 due to differences in molecular structure of surfactants as it dominates
their interfacial properties, stability, and micellization
L. innocua was more vulnerable to photoinactivation than E. coli O157:H7. In all
the irradiated samples, the extent and rate of recovery were lower and generally took a
longer time to recover (Tables 4.2 and 4.3). As mentioned before, L. innocua was
76

especially vulnerable to S465 even without irradiation. It could be due to the difference in
cell membrane structure between Gram-positive and Gram-negative bacteria. The
outermost layer of Gram-positive bacteria is constituted of thick peptidoglycan, while
Gram-negative bacteria have a phospholipid bilayer. The thick peptidoglycan layer
cannot selectively allow small molecules to enter, while the phospholipid bilayer could
act as a permeable barrier allowing certain small molecules to enter (Maisch et al., 2004).
Therefore, more curcumin may have been able to partition deeper into the cellular
membrane of L. innocua than E. coli O157:H7.
4.4.3. Cell Injury
The percentage of injured cells was evaluated by comparing the growth of the treated
bacteria in TSA with its growth in selective media (MCS) or TSA with sodium chloride
at 2.5%. Since L. innocua numbers after being treated with curcumin-S465 solutions and
irradiated were below the limit of detection of the method, only E. coli O157:H7 was
used for this part of the study. Cell injury was assessed to determine how many cells were
still viable after treatments since the growth curve from oCelloscopeTM could not
distinguish whether the overall growth resulted from one or many cells growing. Table
4.4 indicates that irradiated cells treated with the solutions including either curcumin or
S465 had a higher percentage of injured cells. However, it should be noted that cells
treated with curcumin-S465 solutions had the highest number of inactivated cells
indicated by the highest log reduction. In general, the results were consistent with the rate
and length of time for recovery of E. coli O157:H7 obtained using the oCelloscopeTM.
Hence, the oCelloscopeTM results correlate well with the proportion of cells that could
have been inactivated or injured.
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Table 4.4. Plate count reductions, percentage of E. coli O157:H7 cells with permeable membrane, and injured cells after different
treatments
Sample

Treatment

Log Reduction

E. coli O157:H7 with
permeable membrane

% injured cells
MCS

TSA+2.5%NaCl

(%)
Control

Non Irradiated

0.00 ± 0.0

0.0 ± 0.0

24.3 ± 27

3.78 ± 5.0

Irradiated

0.01 ± 0.1

9.0 ±1.0

11.9 ± 7.0

11.3 ± 7.0

Non Irradiated

0.01 ± 0.1

10.0 ± 6.0

20.5 ± 16

12.9 ± 9.0

Irradiated

3.40 ± 0.2

65 ± 12

88.0 ± 18

74.7 ± 16

Non Irradiated

0.05 ± 0.1

79 ± 7.0

21.9 ± 19

6.48 ± 9.0

Irradiated

3.00 ± 0.1

75 ± 9.0

44.7 ± 18

87.4 ± 4.0

Curcumin in S465
micelles

Non Irradiated

0.09 ± 0.2

10 ± 5.0

4.70 ± 23

-4.35 ± 3.0

Irradiated

4.20 ± 0.3

73 ± 12

73.4 ± 17

52.0 ± 10

T80

Non Irradiated

-0.02 ± 0.1

0.4 ± 0.3

54.8 ± 11

4.06 ± 4.0

Irradiated

0.10 ± 0.02

5.9 ± 3.0

36.4 ± 21

15.4± 2.0

Non Irradiated

0.05 ± 0.1

0.2 ± 0.1

-7.06 ± 11

0.76 ± 8.0

Irradiated

3.20 ± 0.2

35.0 ±5.0

71.8 ±15

64.4 ± 7.0

1 µM curcumin

S465

Curcumin in T80
micelles
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4.4.4. Contribution of partitioned curcumin to photoinactivation
The contribution of the partitioned curcumin to microbial photoinactivation was
studied by preincubating cells with curcumin-surfactant solutions for 1 h in the dark and
washing the suspension with buffer before irradiation. During the washing step, the
unbound or loosely-bound curcumin to the cell membrane was eliminated. The recovery
of the washed cells was observed using the oCelloscopeTM. The results indicate that the
recovery of cells was generally slower after being washed. The time required for recovery
of the washed cells was shorter than that of unwashed cells treated with curcumin-S465
solutions (Figures 4.6- 4.9; Tables 4.2 and 4.3). This may have been due to the removal
of curcumin encapsulated in surfactant micelles that could have been adjacent to the cell
to inactivate them. Therefore, the unbound curcumin or loosely-bound curcumin adjacent
to the cell could have a significant role in the photoinactivation of bacteria. Again, the
presence of surfactant increases the curcumin concentration in the proximity of the cells,
which could be photoexcited and produce ROS. Dahl et al. (1988) evaluated whether the
penetration of cell membrane by unencapsulated curcumin was necessary for microbial
inactivation by irradiating Salmonella typhimurium, E. coli, Sarcina lutea, and
Staphylococcus aureus preincubated with curcumin for 60 or 90 min and subsequently
washed. Their results indicate that removing the unbound or loosely-bound curcumin
through washing reduces inactivation efficacy, which is consistent with our results (Dahl
et al., 1989).
However, in our study, washed E. coli O157:H7 treated with unencapsulated
curcumin and curcumin surfactant solution with T80 had slower recovery than that of the
unwashed ones opposite to the samples with curcumin-S465 solutions (Figure 4.2, Table
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4.2). The increased effectiveness in PDI of the washed samples may have been due to
absorption of light by higher portion of the partitioned or bound curcumin due to the
removal of extracellular curcumin which are not close enough for generated ROS to react
with the cell. Also, removing the unbound or loosely-bound portion of curcumin could
have prevented depletion of oxygen near the cells as photoinactivation depends on the
presence of oxygen. If this was the case, then samples treated with curcumin-S465
solution should have shown similar trend. Therefore, the effect of S465 on the
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C)
B)

Figure 4.6. Recovery of washed and unwashed E. coli O157:H7 irradiated and treated with A) curcumin, B) S465, C) curcumin S465
solution. Symbols represent experimental data and dashed lines the fit of Eq.1
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B)

C)

Figure 4.7. Recovery of washed and unwashed E. coli O157:H7 irradiated and treated with A) curcumin, B) T80, C) curcumin T80
solution. Symbols represent experimental data and dashed lines the fit of Eq.4.1
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B)

C)

Figure 4.8. Recovery of washed and unwashed L. innocua irradiated and treated with A) curcumin, B) S465, C) curcumin S465
solution. Symbols represent experimental data and dashed lines the fit of Eq.1
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Figure 4.9. Recovery of washed and unwashed L. innocua irradiated and treated with A) curcumin, B) T80, and C) curcumin-T80
solution. Symbols represent experimental data and dashed lines the fit of Eq.1
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4.4.5. Fluorescence Lifetime Imaging Microscopy (FLIM)
FLIM was used to gain insights into the location and state of the PS, i.e.,
curcumin in washed and unwashed cells. Curcumin in the extracellular aqueous phase
will exhibit a shorter lifetime than curcumin bound to or enclosed in cellular structures.
Curcumin in the extracellular aqueous phase is expected to have a shorter fluorescence
lifetime as the excited curcumin would preferentially go through non-radiative decay.
Although the lifetimes of both curcumin bound to cellular structures and inside the cell
are expected to be longer than those of curcumin in the extracellular matrix, a higher
degree of restriction imposed by cellular structures in the former will determine longer
lifetimes for curcumin molecules bound to for example the cell membrane. Hence, the
longer fluorescence lifetimes suggest a different environment around curcumin than free
ones in extracellular fluid, i.e., bound or inside the cell. For unwashed E. coli O157:H7
and L. innocua treated with curcumin or curcumin-surfactant solutions (near CMC), the
averaged fluorescence lifetimes decreased in the following order: S465 > T80 >and
unencapsulated curcumin, respectively (Figures 4.10 and 4.11). Fluorescence lifetimes
can be correlated to photoinactivation efficiency since longer residences in the excited
state could result in more sustained production of ROS (Turro, Ramamurthy, & Scaiano,
2017). Therefore, the order of the length of fluorescence lifetime was consistent with the
findings from Tables 4.2 and 4.3. The reason curcumin-S465 solutions had the longest
fluorescence lifetime may be due to the different local environment around curcumin
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Unencapsulated Curcumin
(unwashed)

Curcumin in S465 Micelles
(unwashed)

Curcumin in T80 Micelles
(unwashed)

τ1=90 ps; τ2=707 ps

τ1=452 ps; τ2=1075 ps

τ1=310 ps; τ2=1069 ps

τavg=301±59 ps

τavg=561±117 ps

τavg=370±33 ps

Unencapsulated Curcumin
(washed)

Curcumin in S465 Micelles
(washed)

Curcumin in T80 Micelles
(washed)

τ1= 317 ps; τ2= 1026ps

τ1= 272 ps; τ2= 839 ps

τ1= 281 ps; τ2= 881 ps

τavg=373±56 ps

τavg= 348±63 ps

τavg= 369±39ps

Figure 4.10. FLIM micrographs of E. coli O157: H7 treated with unencapsulated
curcumin (left), in S465 (middle) and in T80 micelles (right) at 0 h and washed E. coli
O157:H7 after treatment for 1h. The correspondent short and long components of the
exponential fit of the lifetime are listed below each image along average lifetime.
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Unencapsulated Curcumin
(unwashed)

Curcumin in S465 Micelles
(unwashed)

τ1= 204±23 ps; τ2= 764±117
ps

τ1= 250±32 ps; τ2= 856±119
ps

τavg=258±26 ps

τavg=328±23 ps

Unencapsulated Curcumin
(washed)

Curcumin in S465 Micelles
(washed)

τ1= 268±49 ps; τ2= 899±112
ps

τ1= 293±24 ps; τ2=
1006±93ps

τavg=351±44 ps

τavg= 380±30 ps

Curcumin in T80 Micelles
(unwashed)

τ1= 243±7 ps; τ2=799±46 ps
τavg=307±7 ps

Curcumin in T80 Micelles
(washed)

τ1= 239±11ps; τ2= 912±128ps
τavg= 349±23ps

Figure 4.11. FLIM micrographs of L. innocua treated with unencapasulated curcumin
(left), in S465 (middle) and in T80 micelles (right) at 0h and washed L. innocua after
treatment for 1h. The correspondent short and long components of the exponential fit of
the lifetime are listed below each image along average lifetime.
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when combined with the different types of surfactants. Chignell et al. (1994) reported that
singlet oxygen phosphorescence signal from singlet oxygen produced by curcumin
encapsulated in Triton X-100 micelle could be detectable while there was no signal from
ones encapsulated in sodium dodecyl sulfate (SDS) micelle (Chignell et al., 1994). The
authors attribute this effect to curcumin being located at the hydrophobic region of Triton
X-100 micelle as it exhibited similar photophysical property when dissolved in toluene
(Chignell et al., 1994). Therefore, the free volume and packing around curcumin could
have been different when encapsulated in S465 or T80 since these surfactants have
different structures and micellization properties, leading to differences in the local
environment where curcumin is located. Also, they point out that 1O2 production by
curcumin depended on the hydrophobicity and hydrophilicity of the environment as it
influences activation or inactivation of the ketone triplet states of curcumin which
influences its ability to sensitize 1O2, solubility and, aggregation property depends on it
(Chignell et al., 1994).
After removing extracellular and loosely-bound curcumin by washing, curcumin
remained active to a lesser degree, indicating that the remaining curcumin may have
partitioned inside both Gram-positive and Gram-negative cells. The fluorescence
lifetimes of curcumin in washed E. coli O157:H7 treated with unencapsulated curcumin
was longer than when the cells were treated with curcumin-surfactant solutions produced
with both T80 and S465 (Figure 4.10). However, the differences between fluorescence
lifetimes of curcumin in L. innocua were not significantly different between the
treatments (Figure 4.11). This may have been due to the different degree of restriction on
partitioned curcumin imposed by different membrane structures in Gram-positive and
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Gram-negative cells. Also, the order of length of fluorescence lifetime of curcumin
changed when cells were washed compared to when they were not. Fluorescence lifetime
is independent of the fluorophore concentration, which helps us assume that the observed
changes in the photophysical properties are not related to an increase/decrease in
curcumin concentration during the washing step. Demidova and Habmlin (2005) reported
that depending on the types of PSs, their ability to bond with cell membrane differs and
could have different efficacy toward Gram-positive and Gram-negative bacteria
(Demidova & Hamblin, 2005; Lauro, Pretto, Covolo, Jori, & Bertoloni, 2002). They
show that the PS poly-L-lysine chlorin conjugate is still effective even after preincubation
for 20 min and washing on both Gram-positive and Gram-negative cells. Other PSs such
as rose Bengal and toluidine blue were rendered ineffective or became less effective after
washing, respectively (Demidova & Hamblin, 2005). Therefore, surfactants or washing
may have promoted loss of unbound or loosely-bound curcumin adjacent to the cell,
leading to inefficient photoinactivation when washed. We could conclude that looselybound and unbound encapsulated curcumin adjacent to the cell may play a significant
role when used for photoinactivation in the case of curcumin.
4.6. Live/Dead cell assay
A Live/Dead cell assay was used to determine whether the cellular membrane
became permeable or not after each treatment. Since L. innocua was vulnerable to even
S465 without irradiation, only unwashed E. coli O157:H7 was used to observe the effect
of different treatments on its membrane. E. coli O157:H7 treated with S465 had the
highest number of cells exhibiting increased membrane permeability whether nonirradiated or irradiated (Figure 4.12, Table 4.4). Conversely, E. coli O157:H7 treated with
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T80 had the lowest number of cells with a permeable membrane. Observation of recovery
of cells after treatment from the oCelloscopeTM indicated that photoinactivation of cells
by curcumin was non-lytic. Also, it showed that increased membrane permeability did
not necessarily result in cell inactivation. If this was the case, the samples treated with
curcumin-S465 solutions should have also shown higher membrane permeability,
according to the results in Table 4.2. As expected, the irradiated cells treated with
curcumin had more permeable membranes than the non-irradiated ones (Table 4.4). This
indicates that ROS produced by curcumin could also disrupt the cell membrane, causing
it to be permeable. Interestingly, when a curcumin-S465 solution was used to treat the
cells, the number of cells with permeable membrane was less before irradiation than
when cells were treated with curcumin or S465 alone. However, once they were
irradiated, the number of cells with permeable membrane increased to a similar level as
cells were treated with S465 alone. This could indicate that when cells were exposed to a
curcumin-S465 solution, most of the curcumin or S465 did not react with the membrane
as they formed the micelle. However, once irradiated, the micelles adjacent to the cell
may have disrupted the cell membrane by producing ROS within a distance short enough
for singlet oxygen, the most stable form of ROS, to be effective. Singlet oxygen half-life
is typically lower than 3.5 microseconds, allowing it to diffuse distances shorter than 100
nm before being inactivated (Dysart & Patterson, 2005; Ian J Macdonald & Thomas J
Dougherty, 2001; Schweitzer & Schmidt, 2003). In addition, it may explain why
fluorescence lifetime was longer for cells treated curcumin surfactant solution produced
with S465, as the curcumin could have localized differently in the cell membrane that
became more permeable.
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NON-IRRADIATED

IRRADIATED

NON-IRRADIATED

IRRADIATED

Control

Control

Curcumin

Curcumin

0%

9±1%

10±2%

65±12%

S465

S465

Curcumin in S465
Micelles

Curcumin in S465
Micelles

79±5%

75±9%

10±5%

73±12%

T80

T80

Curcumin in T80
Micelles

Curcumin in T80
Micelles

0.4±0.3%

5.9±3%

0.2±0.1%

35±5%

Figure 4.12. Micrographs of non-irradiated and irradiated E. coli O157: H7 treated with
unencapsulated curcumin, S465, curcumin in S465 micelles, T80, or curcumin in T80
micelles and stained with Syto9 and propidium iodide. Below each image the percentage
of cells with permeable membrane (red) is listed.
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Cells treated with curcumin-T80 solution had the fewest number of cells with
permeable membrane compared to other treatments. However, the results of a previous
study and the data in Table 4.2 indicate that curcumin-T80 solution had similar
antimicrobial efficacy to curcumin alone (Ryu et al., 2021). This suggests that cell
membrane permeation may contribute to but may not be necessary to inactivate the cells.
Past studies also suggest that T80 has no inhibitory effect but could be used as a carbon
source by microorganisms (Inouye, Tsuruoka, Uchida, & Yamaguchi, 2001; Ryu,
McClements, Corradini, Yang, & McLandsborough, 2018). Therefore, the reason
curcumin-S465 solutions were effective against microorganisms may have been due to
S465 being able to disrupt the membrane of the cell and localized curcumin inside,
facilitating interaction between ROS and vital components of the cell.
4.5. Conclusions
In this study, the mechanism of how curcumin surfactant solution could inactivate
the cells more efficiently has been investigated. A previous study indicated that curcumin
S465 solution with surfactant concentration near CMC had a synergistic photoactivated
antimicrobial activity against E. coli O157:H7. Initially, we assumed that this was due to
the presence of surfactant, which could: i) allow more light to penetrate through solution
due to increased solubilization of curcumin in the aqueous phase; ii) prevention
nucleation of curcumin; iii) enhancement in the partitioning of curcumin inside the cell.
Among these assumptions, an increase in the partitioning of curcumin inside the cell was
thought to be the reason for enhancement. The fluorescence lifetime of unwashed and
washed cells treated with curcumin or curcumin surfactant solutions indicated that
loosely-bound and unbound curcumin on the cell membrane might have an important role
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in the inactivation of the cell. From the Live/Dead cell assay, we could observe that S465
could increase the permeability of the cell membrane which could affect the length of
fluorescence lifetime of curcumin within the damaged membrane. Therefore, we could
imply that S465 was able to damage the membrane of microorganisms and allowed
curcumin to partition in the cell in ways that facilitated ROS interaction with the cellular
components. Insight into the mechanism of photoinactivation by curcumin could promote
developing systems that could enhance the performance of other food-grade PSs.
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CHAPTER 5
CONCLUSIONS AND FUTURE STUDIES
Our studies showed that synergistic photoinactivation of pathogenic bacteria
using surfactant micelle as delivery systems is possible. The effectiveness of the
curcumin-surfactant solution depends on the concentration of each component applied,
the pH of the system, and the type of surfactant used. Surfactant micelles greatly
enhanced the stability of curcumin, preventing it from degradation and crystallization.
When tested against both Gram-negative and Gram-positive bacteria, Gram-negative
bacteria were more resistant to photoinactivation. Synergistic photoinactivation of
bacteria was only observed when certain type of surfactant, S465, was present with
curcumin. It was found that S465 was able to cause the cell membrane to become more
permeable, which may have changed the localization of curcumin partitioned or bound to
the membrane, which was confirmed with changes in the fluorescence lifetime of
curcumin. Also, it was found that unbound or bound curcumin to the cell membrane have
important contribution to the photoinactivation of the cell as the antimicrobial efficacy
decreased significantly after removal of them by washing before the irradiation.
Further study should be conducted to see if photoinactivation by other food-grade
PS could be enhanced once surfactant micelle is used as delivery system. Also,
mechanistic study about the photoinactivation by bound or unbound portion of the PS
should be investigated.
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APPENDIX A
RIBOFLAVIN

4

Log Reduction (LogN0/NT)

3.5
3
2.5
2
Ba

1.5
1

Bc
Bd

0.5
0

Bb

Bb

Be
Aa

Aa

Aa

Aa

Aa

Aa

-0.5
-1
1

5
10
20
50
Riboflavin Concentration (uM)
non-irradiated

100

Irradiated

Reduction of E. coli O157: H7 due to photoactivation with varying riboflavin
concentrations at pH 3.5.
Capital letters indicate differences between averaged log reductions at different pHs, and
samples with same letters are not significantly different (p>.05). Lower-case letters
indicate differences in averaged log reductions at different curcumin concentration;
means with same letters are not significantly different (p>.05).
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4

Log Reduction - Log10 [N0/N(t)]

3.5
3

2.5
2

1.5
a

1
b

ab

b

0.5
0

Unencapsulated
Riboflavin

Riboflavin Micelle Riboflavin Micelle Riboflavin Micelle
(below CMC)
(near CMC)
(above CMC)

Reduction of E. coli O157: H7 from photoactivation with 20 µM riboflavin and different
concentrations of S465 at pH 3.5.

96

APPENDIX B
OTHER DELIVERY SYSTEMS
Evaluation of reduction of E.coli O157:H7 with pour plate after photoinactivation using a
curcumin-emulsion and Curcumin-β-cyclodextrin solution.

Sample

Irradiated Control

CurcuminEmulsion
(Irradiated)

Composition of Delivery
System

Minimal Bactericidal Concentration

none

3 µM

40% Medium Chain
Triglyceride
2% Tween 80

Curcumin-βcyclodextrin

250 µM

(based on curcumin concentration)

Could not be bacterialcidal at any
concentration

20 µM

(Irradiated)
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